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PREFACE. 



The objects of this book are, to set forth clearly the funda- 
mental principles of the steam-engine, to give a broad description ^ 
of constructive practice, to explain fully the working of the ma- 
chine in its several departments, and to show how to find its 
efficiency in performance. Manner of presentation and order in 
development of the subject have been strongly influenced by the 
fact that it is intended to be a text-book for the use of students: 
but with this has gone the purpose of making it a complete engi- 
neering treatise, in which the theory of the steam»machine shall 
be put into a shape convenient of practical application, and which,, 
on the descriptive side, shall lay a solid foundation for the more 
special and detailed information which must be gained from expe- 
rience and from the technical press. X. 

As to the manner of presentation, it is assumed that the reader 
knows at least a few general facts about the engine, and has had 
a good preparation in mathematics, physics, and mechanics; but 
all ph)rsical and mechanical deductions are built up, in concise 
form, from basal principles, in order that the book may be, on 
this side, as nearly self-contained as possible. The more element- 
ary subjects carry full explanations, many examples being given to 
impress and elucidate principles; but the advanced discussions are 
more concisely stated. Graphical methods are very generally 
used, as easier and clearer than algebraic. 

The first volume is devoted to the Thermodynamics and the 
Mechanics of the engine, a sufficient foundation of practical knowl- 
edge being laid in the introductory chapter, which formulates 
general ideas and describes, in simple terms, the working of the 
engine. The fuller exposition of form and construction, at the 
beginning of volume two, is made to follow this development of 
fundamental principles, in order that the reasons underlying dif- 
ferent types of design may be better understood. 

In thermodynamics, the purpose continually kept in mind has 
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been to present clearly all that is essential to the theory of the 
steam-engine as a working apparatus. The primary theory of the 
heat-engine with a perfect gas is first built up, from the simplest 
statements to the establishment of the ideal thermodynamic 
process in the Carnot cycle. Then the properties of steam are 
fully described and illustrated, and its use as a medium exemplified, 
first in the Carnot cycle, then in the less perfect operations which 
approach more closely to actual conditions. Upon this follows 
A discussion of the secondary actions in the concrete machine, a 
•development of methods for getting results from the indicator 
•diagram (already introduced in Chapter I.), and a consideration 
of the means to be used for securing economy in the engine. 

The working theory of the steam-jet apparatus is next taken 
up: the conditions of formation of the adiabatic steam-jet are 
reduced to simple quantitative expression, so that its energy and 
dimensions can be easily calculated; an attempt is made to set 
forth the mechanical action within the jet; the principles involved 
are applied to the flow of steam in pipes, the steam calorimeters, 
the injector, and the jet-blower; and a brief statement is made of 
the manner of action of the steam-turbine. 

A development of the entropy-temperature analj^is completes 
this division of the subject — ^which, besides its adaptation to 
teaching, is designed to serve as the basis of a course in experi- 
mental steam-engineering. 

A full study of the mechanics of the main working-mechanism 
of the engine is given in Chapter VII., both as to force-action and 
as to motion. There is first a general view of the conditions to 
be investigated; next, a complete kinematic analysis, leading to 
the determination of the inertia-forces; third, a discussion of all 
the working-forces; last, a general solution of the problems of 
shaking-force and counterbalance. 

Volume II. will cover the following subjects: 

Form and construction of the engine; 

Valve-gears and their action; 

Governors and regulators; 

Steam-action in the compound engine; 

The steam-turbine; 

Accessories. 
The treatment of the turbine is intended to be suflSciently full 
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to meet the ordinary needs of the reader or student, laying a good 
foundation for the larger special works upon this subject. 

This work is mainly descriptive and analytical, developing and 
illustrating principles and establishing methods for solving the 
various problems which arise in connection with the working of 
the engine. The writer has planned a subsequent treatise, on the 
Performance and Design of the Engine: this will take up the 
quantitative and synthetical side of the subject, giving the digested 
results of a large number of tests, now available in works of refer- 
ence; setting forth methods of engine-testing; and developing, as 
far as practicable, a logical scheme of design, especially of the 
thermodynamic design of the engine. This is several times re- 
ferred to, in the text, as Part II. (of a complete treatise). 

It will at once appear that the groimd here covered is more 
extensive than is desirable for many courses of study: but the 
arrangement of matter is such as to facilitate selection and omis-' 
sion. Without attempting to map out a course in detail, it may 
be well to remark that certain very special discussions, as § 6 (i), 
§ 13 (d), and the greater part of § 27, are clearly indicated for 
omission. A good elementary class-room course would include, 
in Vol. I., §§ 1 to 17, or all of Chapters I., II., and III., with minor 
omissions, in Chapter IV., §§ 18, 19, 20 through (A), part of 21, 
22, and some of 23— the rest of this chapter belonging to the 
experimental course and forming an introduction to Part II.; § 24, 
and as much of the rest of Chapter V. as time permits, with em- 
phasis on § 29; in Chapter VII., §§ 32, 33 through (e), 34 (6), 35 
as desired, 36 (a), 39, 40 (a). A strong course in the mechanics of the 
engine would use practically all of this chapter — such a course to be 
largely carried out through graphical work in the drafting-room. 

Certain original features in this volume are, the formula for 
cylinder-condensation in § 21, the curves and tables for the steam- 
jet in Chapter V., and the full development of the radial analysis 
for shaking-force in § 40. In regard to the chapter on mechanics, 
tjie writer would acknowledge his indebtedness to Professor J. F. 
Klein, many of the methods there set forth being based upon 
those in "Notes on the Design of a High-speed Engine," or devel- 
oped in connection with the long-continued use of that book. 

R. C. H. H. 
South Bbthlbhem, Pa., December. 1904. 
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CHAPTER I. 
A GENERAL VIEW OF THE SUBJECT. 

§ I. The Steam-power Plant 

(a) The ELEifENTS op the Steam-plant. — ^In Fig. 1 are shown 
in outline the essential elements or organs of a complete apparatus 
for the generation of power by means of heat derived from the com- 
bustion of fuel and utilized through the medium of steam. These 
organs are: 

I. The Boiler (including the furnace as well as the boiler proper), 
where the fuel is burned and the steam generated. 

II. The Engine, in which the expansive force of the steam is 
applied to the doing of useful work. 

III. The Condenser, which receives the used or exhaust steam 
and abstracts its heat, bringing it back to the initial state of water. 

Frequently the steam is discharged into the atmosphere and 
there condensed. 

IV. The Feed-pmnp, which returns the condensed steam or 
an equivalent amoimt of water to the boiler, completing the cycle 
of operations. 

The boiler and engine are naturally considered the principal 
parts of the plant; while the condenser and feed-pimip, together 
with auxiliaries such as the feed-water heater and the various regu- 
lating appliances, come under the head of accessories. 

The list of names of parts, given under Fig. 1, is to be used in 
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•connection with the following description of the working of the 
plant. 

(6) The Function of Combustion. — ^In the operation of the 
eteam-generator two distinct sets of phenomena are involved, 




Fio. 1.— The Steam-plant. A. Boiler and Feed-p«imp. 



I. The Boiler (Water-tube type). 

1. Grate and Firenspaoe. 

2. Ash-pit. 

3. Hot-gas spaces. 

4. Flue and Damper. 

H. The Engine (Corliss t3rpe). 
9. Throttl^valve. 

10. Cylinder. 

11. Engine-frame. 

12. Piston-rod. 

13. Cross-head. 

14. Connecting-rod. 

those of combustion and of heat-transfer and evaporation. The 
•essential condition for combustion is that a sufficient supply of 
air be continually brought into contact with the fuel. To secure 
this, there must be first a suitable arrangement for holding the 



5. Chinmey. 

6. Boiler-shell, or Drum. 

7. Tubes. 

8. Steam-pipe. 

15. Crank. 

16. Fly-wheel. 

17. Governor. 

18. Exhaust to Condenser. 

19. Exhaust to open air. 
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bed of fuel, so formed that air can pass through it, with provision 
made for introducing fresh fuel and removing the solid waste- 
products; second, means for regulating the supply of air, both 
below and above the fire, and for producing and regulating the 




FiQ. 1. — ^The Steam-plant. B. Engine and Condenser. 
m. Condenser and Pump (Jet or mixing type). 

20. Condensing-chamber. 24. Hot- well. 

21. Cold-water supply. 25. Steam-cylinders. 

22. Pump-cylinders. 26. Steam-pipe to pump. 

23. Discharge-pipe. * 27. Exhaust-pipe. 

IV. The Feed-pump (Separate, steam-driven type). 

28. Suction-pipe. 30. Steam-pipe. 

29. Feed-pipe. 31. Exhaust-pipe. 

draft which draws or forces the air and the combustion-gases 
through the fire and along the passages through or around the boiler; 
lastly, a sufficient space above the fire, in which combustible gases 
from the solid fuel can be completely burned before they are cooled 
below the ignition-temperature by contact with the relatively 
cold surfaces of the boiler. In Fig. 1, these requirements are 
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met by the grate, ash-pit, and fire-space, with the fire-door and 
ash-pit door, both provided with air-grids; and by the chimney 
and damper. With special fuels, liquid or gaseous, other arrange- 
ments take the place of the grate used with solid fuel. And various 
forced-draft appliances are frequently used to assist, or partially 
to replace, the chimney. 

(c) The Function op Evaporation. — ^In order that the boiler 
may freely absorb the heat generated by combustion, it must 
have a large area of heating-surface, so disposed that there will be a 
rapid flow of the hot gases over the outer side, and that the steam 
as formed will be able to escape freely and rapidly from the inner 
side. A small portion of this surface is exposed to radiant heat 
from the solid fuel and from incandescent flame: this direct heat- 
ing-surface is far more effective in absorption than is that which 
receives heat only by contact and conduction from the hot gas. 
The current of gas is split up into narrow streams, and the body 
of water is likewise divided into small parts, so that there shall be 
only a slight depth of gas acting upon, and of water heated by, 
any particular portion of surface. Whether this intimate con- 
tact is secured by the water-tube arrangement of Fig. 1, or by 
the fire-tube arrangement of cylindrical boilers, is a matter of 
minor importance. Means for insuring a full circulation of the 
hot gases over the whole of the heating-surface are shown in Fig. 1 ; 
and the boiler is so formed as to permit free internal circulation^ 
whereby a current of mixed water and steam-bubbles is continually 
rising through the front connecting-tubes into the drum, where 
there is ample surface for the separation of the steam from the 
water. 

(d) The Boiler a Separate Subject. — The above general con- 
siderations are here stated in full because they are fundamental to 
an understanding of the thermal performance of the boiler, as a 
member of the steam-plant. But the boiler is made in so great 
a variety of forms, and there are so many special matters involved 
in its design, construction, and management, that it properly 
forms a separate subject — ^together with all the appliances for 
handling and controlling steam, such as piping, valves, steam- 
traps, separators, etc. 
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(e) The Engine. — ^A simple engine (differing somewhat in 
type from that in Fig. 1) is fully described in the next section, 
so that no description need be given here. In general, the engine 
may be treated as a thermodynamic ("heat-work") apparatus 
and as a machine: both these phases of the subject are to be fully 
developed in this treatise. 

(/) Condensing the Exhaust Steam. — The two ways of getting 
rid of the exhaust steam are shown in Fig. 1. The simplest is, of 
course, open exhaust to the air; but the efficiency of the engine 
can be increased by condensing the steam at a low temperature 
and in a consequent vacuum, using a pump to remove the water 
and maintain the vacuum. In the figure, the exhaust steam 
meets, in the chamber 20, a jet of cold water from the pipe 21, 
and is condensed by direct contact and mixing. The water from 
the condenser, moderately warm, is discharged into a tank called 
the hot-well. 

The difference in working here described marks the distinction 
between condensing and non-condensing engines. 

(g) The Feed-pump draws from the hot-well an amount of 
water equal to the steam condensed and forces it into the boiler; 
the rest of the warm water goes to waste. In a well-designed plant 
there is one feature not shown in the drawing; that is, the exhaust 
from the pumps, instead of going to the main condenser, would 
go to a feed-water heater, where the greater part of its heat would 
be utilized in raising the temperature of the feed. And with open 
exhaust there would be a larger feed-heater, in which the water, 
drawn from a cold supply, could be heated up to the temperature 
of the exhaust steam. 



§ 2. Description of an Engine. 

(a) The Engine Selected for description, and illustrated in 
Figs. 2 to 7, is a good example of the simple, high-speed, self- 
contained type, especially adapted to driving electric generators — 
a service which requires smooth running and a close regulation 
of speed. The general form of the engine is shown in Fig. 2; the 
various working parts and the internal construction, in the several 
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sectional views. Leaving Fig. 2 for incidental reference, we will 
first take up the main working-mechanism of the engine, given in 
Fig. 3. 

(b) This Mechanism performs the fimction stated in § 1 (a), 
of applying the expansive force of the steam to the doing of useful 
work. The moving parts of the mechanism are three, the sliding 
piece made up of the piston, piston-rod and cross-head, the con- 
necting-rod, and the rotating crank and shaft. Steam is admitted 
to the two ends of the cylinder alternately; and the steam-force 
acting on the piston is transmitted directly to the c.oes-head, 
and thence by the connecting-rod to the crank-pin, where it acts 
to turn the crank. The effect of this mechanism is, then, to 
change the reciprocating, straight-line motion of the piston into a 
continuous rotary motion of the shaft. In some types of engines, 
however, the motion of the piston is applied directly to the useful 
resistance — as in pumps, blowing-engines, and steam-hammers. 

(c) The Piston — see also Fig. 6 — ^is a thick disk, made hollow 
for lightness, but broad of face so as to have a liberal bearing- 
surface where it slides in the cylinder. It fits loosely, and the 
joint between cylinder-wall and piston is made steam-tight by the 
packing-rings, which fit into grooves cut in the piston and press 
outward by virtue of their own elasticity. The piston-rod is 
securely fastened into the piston and the cross-head: it passes 
qut of the cylinder through a stuffing-box, which is filled with a 
packing material closely pressed into place around the rod, so as 
to prevent leakage of steam. 

(d) The Reciprocating Parts. — Two sections of the cross-head 
are shoWTi in Figs. 3 and 4, and a separate drawing of it will be 
given when the detailed description of the working parts is taken 
up. Beside having a hub into which the piston-rod screws 
and carrying the wrist-pin on which the connecting-rod oscil- 
late, the cmsfl-head is formed at the bottom to fit and slide upon 
the. guide-surface on the engine-bed. Tlie connecting-rod is of 
simple form, and is sufficiently shown in Fig. 3, except that the 
device for adjusting the wrist-pin bearing is not made clear; this 
also will be given later. The piston-slide and the connecting- 
rod together constitute the "reciprocating parts" of the engine. 
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At high speeds, the inertia-forces "due to their alternate rapid 
accelerations in opposite directions have a considerable effect 
upon the force-action in the engine. 

(e) Shaft and Wheels.— The detail of the crank-shaft and 
wheels is well shown in Fig. 5. The shaft is one soUd piece, and the 
reason for the name "center-crank" is at once apparent. The 
crank-disks are separate pieces, fastened to the shaft simply for 




FiQ. 4. — CroflSHsection through Frame. 

the piupose of canying the heavy fan-shaped weights opposite 
the crank-pin. The centrifugal force of these counterweights acts 
against the inertia of the reciprocating-parts, so as greatly to dimin- 
ish the free force tending to shake the engine on its foundation. A 
distinctive feature of this type of engine is the very large bearing- 
surface of the crank-pin and of the shaft-journals. The heavy 
fly-wheels steady the running of the engine and also serve as belt- 
puUeys. 

(/) The Frame or Bed. — ^As to the framework of the engine, 
we distinguish the engine-bed proper and the sub-base on which 
it rests, and which in turn is bolted to the foundation. This engine 
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is said to be ''self-contained " because it is of such a form — ^all on one 
rigid base — that it might be picked up bodily, as by a travelling- 
crane, without displacing any of its parts. The design of a com- 
plex casting such as the bed of an engine of this class is very much a 
matter of skilled judgment. This particular design shows very 
graceful outlines and a judicious distribution of the metal. 




Fio. 5. — Crofls-eection through Main Bearings. 

(g) The Cylinder and Valve-chest. — The sectional views given 
in Figs. 6 and 7 are especially intended to show the form of the 
valve and of the steam-passages. This particular slide-valve is of 
rather a complex form, though essentially the same as the plain 
valve used in Figs. 8 and 9; but its action in admitting steam to 
one end of the cylinder while permitting free exhaust from the 
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other end is clearly shown by the arrows in Fig. 6. This is what 
is called a balanced valve: it works between the plane surfaces of 
the valve-seat on the cylinder and of the heavy balance-plate, 
with a fit which, while permitting free movement, is yet so close 
that steam cannot leak between the surfaces. The balance-plate 




Fig. 6. — Horizontal Section of Cylinder. 

is held out by distance-strips, at top and bottom, which are a 
few thousandths of an inch thicker than the valve. All the sur- 
faces must be very truly finished; and the plate is made very 
heavy and stiflF in order that it may not spring under the pressure 
of the steam on its back, and grip the valve. By the use of this 
device, the valve is relieved of the steam-pressure which forces a 
plain valve hard against the seat, causing great friction and rapid 
wear. 

(A) The Steam-passages.— The live steam, coming from the 
steam-pipe through the throttle-valve, fills the valve-chest all 
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around the valve and the balance-plate. The passages through 
which the steam flows to and from the cylinder are called the steam- 
ports; the space in the middle, leading to the exhaust-pipe, is 
the exhaust-port. Evidently, it is necessary only to move the 




Fig. 7. — Cross-eection of Cylinder. 



valve back and forth in order to secure the desired end of alternate 
admission to and exhaust from the two ends of the cylinder. The 
working of the valve and the manner in which it controls the 
steam-distribution are fully described in the next section. 

(i) The Valve-gear.— The mechanism for moving the valve is 
shown as a whole in Fig. 2, while details are given in Figs. 4 and 5. 
Starting with rotary motion, we have first the eccentric-pin, at a 
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short distance from the axis of the shaft and travelling in a circle. 
The eccentric-rod runs from this pin to the outer end of the rocker- 
arm, transforming rotary into rectilmear motion: the rocker-arm, 
best shown in Fig. 4, serves to transfer this motion from a line 
outside the wheel to one near the side of the frame; and its inner 
end drives the valve-rod. This particular form of rocker-arm is 
peculiar in its action: since the eccentric-pin moves in a vertical 
plane, while the pin on the rocker-arm moves in a horizontal 
plane, it is necessaty to use ball-and-socket joints instead of cylin- 
drical bearings, at both ends of the eccentric-rod. 

(/) The Governor. — The speed of the engine is controlled by 
the governor, shown in Fig. 2. Briefly stated, the principle of 
its action is as follows: The centrifugal force of the weight on the 
governor-arm acts against the pull of the spring. If the load on 
the engine is increased or diminished, it will slow down or speed 
up imtil the change in centrifugal force causes the arm to move in 
or out far enough to change the workmg of the valve so as to 
accommodate the power of the engine to the new load. This 
change in valve-action is secured by moving the center of the 
eccentric, with reference to a line fixed on the plane of the wheel; 
and its chief effect is to vary the amount of steam admitted to 
the cylinder in each stroke, and thereby control the amount of work 
done per stroke. Being placed in the wheel or on the shaft, this 
is called a shaft-governor; and since the principal effect of its 
action is to change automatically the time in the stroke when the 
valve closes the steam-port, or "cuts off" steam, this engine is 
called an "automatic cut-off" engine. 

§ 3. Valve Movement and Steam Action. 

(a) The Mechanism Simplified. — In order to find the relation 
between the movements of the two sliding-pieces in the engine, 
the piston and the valve, we use the method illustrated in Fig. 8. 
The two mechanisms, main and secondary, are represented by 
their skeleton outlines; and the second, the valve-gear, is simplified 
by bringing everything into one plane, replacing the rocker-arm 
by a simple sUde-block. Also, for convenience, the section of the 
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cylinder and valve and the diagrams of the mechanisms are turned 
into the same plane. Projected on any vertical plane, the crank- 
arm OC and the eccentric-arm OE form a simple rigid figure 
COE, which turns about O as a fixed center. For a particular 
position of the piston in the cylinder, or of the wrist-pin W on its 
stroke-line MN, we can measure off the length WC and locate the 
crank; this also determines the angular position of the eccentric- 
radius, from which the valve can easily be located. Of course, 
short-cut methods for making these determinations will be devel- 
oped when the subject is taken up in detail. 



=^- 




Fig. 8. — Relative Positions of Valve and Piston. 

(6) Admission and Cut-off. — In Fig. 9 we now trace out the 
working of the valve for ^ complete revolution or double-stroke of 
the engine. In I., the piston is at its extreme left-end position, 
and the crank is on its left or head-end dead-center: the left port 
is open by a small amount, so that the steam has a chance to enter 
and fill the clearance-space before the piston begins its stroke. 
As the crank turns in the direction of the arrow — bright-hand or 
clockwise rotation — ^both piston and valve move toward the right, 
until the dotted-line position is reached; here the valve is at the 
right-end limit of its movement, and the port has its fullest opening. 
The valve now reverses, gradually diminishing the port-opening, 
until, in the position shown in II., it closes the port or cuts off 
steam. A definite amount of steam is now enclosed in the left end 
of the cylinder; and as the piston continues to advance this steam 
expands, its pressure falling as the volume increases. 

(c) Exhaust and Compression. — When the valve, still moving 
toward the left, gets to the position shown by the dotted lines in II., 
it opens the left port to exhaust, or releases the steam. A part of 
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the steam escapes while the piston is completing the forward 
stroke, the rest is expelled during the return stroke. In III., the 
dotted position shows fullest opening for exhaust, while the full- 
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FiQ. 9. — ^Valve Movement. 

line figure shows where the piston is when the valve, returning 
from the left, stops the exhaust. For the rest of the stroke, the 
port is closed; and the steam caught in the cylinder is compressed 
into the clearance. 

(d) The Steam Diagram.— The performance of the steam, 
controlled by and resultant from this valve-action, is best shown 
by a diagram like Fig. 10. The base-line MN represents the stroke 
of the piston, and any ordinate, as HG, gives the pressure which 
exists in the cylinder when the piston is at a position in its stroke 
corresponding to that of G on MN. Diagrams of this sort are 
drawn automatically by an instrument called the Steam-engine 
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Indicator, which is illustrated in Fig. 11. This instrument com- 
bines the two functions of measuring the pressure, or getting the 
length of the ordinate HG, and of locating this ordinate on the 
diagram. For the first, there is the piston 8 to receive the pressure 
from the engine-cylinder, and the spring to measure this pressure 
by its varying compression; together with the pencil-mechanism, 
made up of pieces 13, 14, 15, and 16, which magnifies a small piston 




The Steam Diagram. 



movement to an indication of convenient size. The spring is 
proportioned so as to give to the pressure-ordinate a scale of a cer- 
tain number of pouiids per square inch to the inch of pencil-rise* 
The pencil, at 23, draws the diagram on a slip of paper carried by 
the drum 24. This drum is driven, through a cord which pulls 
against its spring 31, by a special mechanism connected to the 
cross-head, and so designed as lo^^v^ a reduced copy of the motion 
of the engine-piston. The atmosphere-line MN is drawn with 
steam shut off from the indicator and the pressure of the air acting 
freely on both sides of the piston; the ordinates of the diagram 
are measured up (or down, in a condensing engine) from this refer- 
ence-line. 

(e) The Action op the Steam. — ^Returning now to Fig. 10, and 
running over the salient points of the working of the steam in the 
engine, we note first that the admission is made up of two parts, 
the rise of pressure from F to A, and the filling of the cylinder back 
of the piston as the latter advances; this operation being carried 
out, along the line AB, to cutroflf at B. The clearance-space, 
which is being filled while the pressure rises along FA, consists of 
the small space left between the cylinder-head and the piston when 
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the latter is at its extreme position, together with the volume of 
the steam-port. The pressure at A is nearly that of the steam in 
the boiler; but it drops off toward B because the gradual closing 
of the port chokes the entering current. 

(/) The Steam-cycle Completed. — ^From B to C there is expan- 
sion of the steam enclosed in the cylinder, as already stated. The 




11. — The Crosby Indicator. 



two parts of the exhaust are shown by the drop of pressure from 
C to D, followed by expulsion at nearly constant pressure along DE. 
Compression from E to F, raising the pressure in the clearance 
part way up to that of the fresh steam, completes the cycle. In 
describing Fig. 9, we considered only the left or head end of the 
cylinder; there is, of course, a similar action in the other, the crank 
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end. It is to be noted that the diagram in Fig. 10 does not corre- 
spond, in the timing of its events, with the valve-action sho\\Ti in 
Fig. 9. 

(g) Measurement of Power of Engine. — The steam diagram, 
besides showing how the valve is working and furnishing part of 
the data for a discussion of the thermodynamic behavior of the 
steam, also gives a measurement of the power developed by the 
engine. Since the abscissa represents distance moved by the piston, 
and the ordinate pressure acting, the area of the figure represents 
work. 

(A) Divisions of the Subject. — The preceding general descrip- 
tion of the steam-plant and of the engine forms a sufficient introduc- 
tion to the detailed study of the several parts of the subject. This 
will follow the lines already laid out, taking up first the relations 
between work and heat, then the mechanics of the engine — the 
latter including the action of the forces in the machine and the 
working of the auxiliary mechanisms, the valve-gear and the 
governor. With this will be given a systematic description of 
the several parts of the apparatus, with representative examples of 
different types of design in each department. 

§ 4. Classification of Steam-engines. 

(a) Service. — Steam-engines may be classified according to 
service, general form, mechanical features, and the manner of 
using the steam. As to service, we have first the great variety 
of stationary engines, used for driving machinery by means of the 
different kinds of power-transmission apparatus, or more directly 
applied to such work as turning electric generators, or hoisting- 
drums at mines, or metal-roUs in mills: an even more direct and 
intimate combination of prime-mover and load is found in steam- 
pumps, blowing-engines, and air-compressors. The locomotive 
type — ^including the traction-engine and the steam automobile — 
forms another class; and the marine engine a third. 

(b) Other Bases op Classification. — ^As to general form and 
mechanical features, the engine may be horizontal or vertical or 
of special shape; and may have one of several different styles of 
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framework. Besides the usual form of the main mechanism, there 
are several other types of construction, of which the oscillating 
engine is, perhaps, the most distinctive. The engine may be 
single or complex — ^in the latter case, having two or more complete 
engmes combined in one, these elements being either simple or 
<K)mpound; thus in pumps and in locomotives duplex compound 
engines are quite conmion. The type of valve-gear and the kind 
of controlling apparatus likewise form grounds of distinction, as 
also the question whether the engine nms in only one direction, 
or reverses. 

(c) Different Ways of Using the Steam. — ^In the matter of 
steam-working, engines may be either simple or multiple-expansion; 
that is, the steam may pass through only one cylinder, or through 
several cylinders, of increasing size, in succession. There is great 
variety in the arrangement of the cylinders of compound engines. 
The distinction between condensing and non-condensing engines 
has been already pointed out. 

(d) Rotary Engines and Steam Turbines. — ^It is to the engine 
with the usual device of cylinder and piston for utilizing steam- 
force that the name steam-engine is commonly applied. Other 
forms of the steam machine, the rotary and tiirbine classes, are 
known by their distinctive names. Thermodynamically, they 
perform the same function, though with some modifications in 
the operation; mechanically, they very properly fall into entirely 
separate classes. 



CHAPTER II. 
ELEMENTARY THERMODYNAMICS OF THE HEAT-ENGINE. 

§ 5. Heat and Work. 

(a) The First Principle op Thermodynamics is that heat- 
energy and mechanical work are mutually convertible, one into 
the other, in a definite quantitative ratio. 

Of a certain amount of mechanical work or energy the whole 
may, with a suitable apparatus, be transformed into heat; but 
the complete reversal of this operation is not possible. That is, 
of a given amount of heat-energy, made available for instance by 
the combustion of fuel, it is inherently impossible to transform 
more than a certain fraction into mechanical work. The primarj' 
object of this discussion will be to determine the character and 
the limits of the thermodynamic process which will give the maxi- 
mum proportion of heat-transformation. 

An apparatus for converting heat into work is called a heat- 
engine; and in every healrengine this conversion is effected through 
the action of an expansive fluid or working medium, which alter- 
nately expands and contracts as heat is given to or taken from it. 
Since air, which is practically a so-called "perfect gas," follows 
very simple, logical laws — ^far simpler than those governing the 
behavior of steam — it will be used as the medium in establishing 
the principles of working of the ideal heat-engine. 

A concise statement of the physical facts and laws underlying 
the discussion will first be given — ^but without any description of 
the manner or of the history of their establishment. 

(6) Facts as to Heat. — ^Heat is a form of energy. As existent 
in sensible form, in material bodies — the only form in which it is 
directly measurable — it is believed to consist in a vibratory motion 
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of the molecules of the body, and is then a form of kmetic enei^. 
Intensity of heat-energy is measured by the temperature of the 
substance in which it is stored. The quantity of heat contained 
in a given body, above any certain reference state, depends upon 
ihe quantity of the substance, its unit-capacity for heat, and its 
temperature. 

Temperature is so nearly a fundamental idea that it can hardly 
be defined in terms of anjrthing simpler than itself. Since the 
first manifestation of a diflference in temperature between two 
bodies — ^that on which depends our sense of heat — ^is a tendency 
of the heat to pass from the hotter to the cooler body, or from 
the more intense to the less intense state, temperature may be 
expressed as "the thermal state of a body, considered with refer- 
ence to its power of communicating heat to other bodies." This 
makes it an entirely relative matter, until some standard reference 
condition has been chosen, as in the development of the thermom- 
eter. 

(c) The Measurement op Heat. — It is not difficult to imagine 
a temperature-scale on which every degree shall represent the 
«ame change in heat-intensity. Actual thermometers only approxi- 
mate this ideal heat-scale. Thus if a merciuy thermometer were 
heated in comparison with an ideally correct instrument, its read- 
ings, which are based on the uniform expansion of mercury, would 
be found not quite to agree with those of the standard; this chiefly 
because the mercury does not really expand quite uniformly with 
rising temperature. The ideally correct thermometer is based 
on the expansion of a perfect gas. 

The unit of temperature which we shall use is the Fahrenheit 
degree, and the unit of quantity for heatrmeasurement is the 
British Thermal Unit: this B.T.U. is the amount of heat required 
to raise by I*' F. the temperature of 1 lb. of water at about 40*^ F. 
That is, the heat-capacity of pure water at this temperature is 
taken as unity; and the heat-capacity of any other substance (in- 
cluding water at other temperatures), per pound and per degree 
F., expressed in terms of this unit, is called its specific heat. In- 
stead of " British Thermal Unit " we shall use Heat Unit as a shorter 
name, with the abbreviation H.U. 
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(d) Work and Power. — ^For mechanical purposes, work is to- 
be defined as the overcoming of resistance through distance: or^. 
to make the action subjective, when a force acts upon a moving 
body, in the direction of the motion and against an equal and 
opposite resistance, it does work upon that body whose amount 
is the product of the force by the distance moved. The common 
unit of work is the footrpound or F.P., the work done in over- 
coming 1 lb. of gravity resistance through 1 ft., or its equivalent. 

Measiirement of the work-performance of a machine is usually 
expressed, not in terms of absolute work-quantity, but rather by 
work-rate, or what is called the "power" of the machine. This- 
brings in the element of time, so that whereas work is defined aa 
force by distance, power would be force by velocity. For small 
measurements, the F.P. per minute or the F.P. per second may be 
used. For the engine, the horse-power or H.P. is the practical unit. 
This is an arbitrarily established rate of 550 F.P. per sec., or 33,000 
F.P. per min., or 1,980,000 F.P. per hour. 

The footrpound is so small a imit that its use sometimes leads 
to very large numbers; and for some purposes a work-unit of 
1000 F.P., for which we shall use the abbreviation W.U., will be 
foimd convenient. Then the amoimt of work done by a machine of 
1 H.P. in one hour — ^the horse-power-hour or H.P.H. — ^will be 
expressed as 1980 W.U. 

(e) The Relation between Heat and Work. — The mechani- 
cal equivalent of heat, or the ratio at which heat and mechanical 
energy are interchanged, is shown by the equation 

1B.T.U. = 778F.P (1> 

If we have a quantity of heat-energy Q, its value in foot-pounds 
will be 

C7=778Q=^ (2) 

Conversely, to express work in heatrimite, 

Q^^U^AU (3) 
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This symbol A, carrying the same meaning all through our 
thermodynamic discussions, and having the value 1-^778 or 
.001285, is reaUy the heat-equivalent of work. 

When the statement is made in (a) that only a part of any given 
quantity of heat can be converted into work by a heat-engine^ 
nothing is implied against the constancy and the reversibility of 
the ratio of conversion just given. Of the total heat supplied, a 
part is changed into work in the ratio of 1 to 778, the rest is re- 
jected as heat: and this heat rejected is usually by far the larger 
part of the heat supplied. 

§ 6. Heat-behavior of a Perfect Gas. 

(a) A Perfect Gas is one which is so far from its point of 
liquefaction that it follows exactly the simple laws set forth below. 
Air, its component gases, and hydrogen are, for all practical pur- 
poses, perfect gases throughout the range of ordinary temperatures, 
even though certain very minute irregularities in their behavior 
have been foimd by extremely precise experimentation. The 
physical criterion of a perfect gas is, that its molecules shall have 
absolutely free motion, with no attractive forces exerted between 
or among them. The molecules are supposed to be in constant, 
rapid, rectilinear motion, rebounding as they impinge upon each 
other or upon the walls of a confining vessel; the distances between 
them being indefinitely large in comparison with their own dimen- 
sions. Then the effect of imparting heat is to increase the mean 
velocity of the molecules or to augment their kinetic energy. 

(6) The Three Primary Laws for perfect gases, first discovered 
by experiment, but capable also of deduction from the theory as 
to the constitution of a gas which they have helped to develop, are 
as follows: 

The Law for Constant Pressure. — If a portion of gas be heated 
and its pressure kept constant, the temperature and the volume 
will increase together at a constant relative rate. 

The Law for Constant Volume. — li a confined body of gas be 
heated and its voliune kept constant, the temperature and the 
pressure will increase together at a constant relative rate. 



24 



THERMODYNAMICS OF THE HEAT-ENGINE. [Chap. II. 



The Law for Constant Temperature. — If a confined body of gas 
be kept at constant temperature, then changes in volume and 
pressure will be governed by the relation that the product of pres- 
siu-e and vplume shall remain constant, or that the pressure and 
the volume shall vary in inverse ratio. 

(c) The Working op the First Two Laws is fully illustrated 
in Fig. 12. Pressure is measured from the volume-axis OV, 
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Fig. 12. — Simple Heating Operations. 

volume from the pressure-axis OP. The initial conditions, pj 
and Vi, are given by the co-ordinates of the point A. Expansion at 
constant pressure is shown by the line AB, rise of pressure at 
constant volimie by AC. Besides these pressure-volume diagrams, 
change of temperature is also represented graphically. For the 
first law, the relation between volume and temperature is shown 
by the line EF; while GH, where the temperature is measured 
horizontally from OP, serves a similar purpose for the second 
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law. The gas — the proportions, laid out to scale, are for one pound 
of air originally at 32** F. and at atmospheric pressure — ia supposed 
to be confined in a cylinder: in one case the piston is allowed 
to move, against a constant resistance, as the gas is heated; in 
the other case, the piston is held fast. 

(d) The Relation between Temperature and Volume, 
under constant pressure, is further set forth in Fig. 13. K we 




FiQ. 13.— The Absolute Zero. 

let the volimie at freezing-point be unity, then Vi= 1.000 for 
32? F. : and it has been foimd by experiment that the volume of 
the same weight of gas at 212? F. will be 1.366. These voliunes 
being laid off at OA and BC, the first law is represented by the 
straight line AC; and the increment of volume per degree in terms 
of the volume at 32?, or the coefficient of expansion, is 

a=0.366+ 180=. 002033 (4) 

Now the volimie v at some temperature t will be 



or 



MN-MP+PN, 
v=Vi4-a(<— 32)Vi; 



(5) 

where it appears that the increment of volimie (v—v^) bears to the 
increment of temperature (t— 32) the constant ratio a or .002033. 

Example 1. — The volume of 1 lb. of air, at standard atmospheric 
pressure and at 32^ F., is 12.385 cu. ft.; what will its volume be at 
400° F.? 

Substituting in Eq. (5), 

V- 12.39(1+ .002033X368) 
-12.39X 1.748-21.66 cu. ft. 
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Again, at - 40° F. the volume will be, 

v-12.39[l+ .002033(-72)] 
-12.39 X .854-10.58 cu. ft. 

(e) The Absolute Zero. — If now we produce the straight line 
CA until it cuts the temperature-axis at Z, we have there a new 
zero-point such that, if the temperature be measured from it, 
then the whole volume MN will bear to this temperature MZ the 
same ratio that the increment PN bears to OM, the rise of tem- 
perature above the first starting-point at 0. The point Z is called 
the absolute zero, and from it absolute temperature is measured. 
The distance OZ is 1. 000 -^ .002033=492^: that is, on the Fahren- 
heit scale the absolute zero is 492° below freezing or 460° below 
0° F. Using t for common temperature and T for absolute, or for 
d^rees AF., the relation between the two systems is 

r=<+460 (6) 

Another alignment for the absolute zero, based directly on the 
statement of the law for constant pressiu-e, iB, that if the gas con- 
tinue to contract as heat is abstracted, with a constant decre- 
ment per degree, a point will at last be reached where, all the heat 
having been taken from the gas, its volume will be reduced to 
zero. Since the actual physical performance of the gas would be 
somewhat as indicated by the dotted line in Fig. 13, namely, 
liquefaction at L and then very slow contraction, it appears that 
the idea of the complete abstraction of heat at absolute zero is 
not rigorously established by this argument. 

This deduction is then essentially the same as the more purely 
mathematical proof given above: in both cases we extend indefi- 
nitely the conditions existing at ordinary temperatures, and find a 
point which has a very important relation to the behavior of the 
gas over its range of "perfect" action. 

(/) YohmsE AND Absolute Temperature. — ^Eq. (5) can be 

put into the form 

v=t?i[l+aO-32)]. 

The corresponding formula with absolute temperature is 

v=ViaT (7) 
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This can be derived geometrically from Fig. 13; for 

MN : OA : : ZM : ZO, 
or 

and aT^ == .002033 X 492 = 1 . Again, by substitution, since a = 1 -?- 492, 

l+a(<-32) = l+t^=^(<+460)=or. 

Eq. (7) may further be put into the form 

Y'C or ^=^, (8) 

in which shape it is most convenient for finding the relation be- 
tween volumes at any temperatures. 

Example 2. — Derive from Fxj. (7) an expression for the volume of 
1 lb. of air under atmospheric pressure at any temperature. 

We have only to substitute the particular value Vj« 12.39 to get 

r«.00203Xl2.39T-.02518T (9) 

ExAMPLB 3. — A receiver of 40 cu. ft. capacity is filled with air at 

60° F. and a pressure p: how much must be allowed to escape in order 

that the pressure shall remain unchanged when the air is heated up 

to 200° F.? 

v,«40cu. ft. V,-? 

r,-520°. T,-660°* 

660 
v,-40x^-40X 1.269-50.76 cu. ft. ; 

1 in TA 

Of this, 40 cu. ft. remains in the receiver, and the fraction =77^=«.212 

I oU.7d 

of the original quantity escapes. 

Example 4. — By what fraction of its volume will a body of gas, 
measuring v cu. ft. at <° F., increase when heated 1° F. at constant pres- 
sure? 

The volume at t being v, that at 32° would be 

V 

^*"f+ay-32)' 
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The increment per degree is then 



av, -=: 



1 492 ^l 
492 460+ <^ T^* 



Or, using absolute temperatures from the first, 



arv^av. 



T, 1 



(10) 



(g) The Law for Constant Volume is expressed by formulas 
exactly similar to those for the first law: we have, 

for (5) p=pJl+a(<-32)]; (11) 

for (7) P^Pi^r (12) 

And if we wished to get pressure directly in pounds per square 
inch instead of in atmospheres, we should have, for the particular 
case where the gas just filled the confining vessel at 32^ and one 
atmosphere pressure, 

p=.002033Xl4.7r=.0299r (13) 

(A) The Third Law is expressed by the equation 

pv=-C or pv=PiVi, (14) 

and is graphically represented by the curve called the equilateral 
hyperbola, shown in Fig. 14, where a convenient construction for 

. p 




Fig. 14.— The Equilateral H3rpeifoda. 

points on the curve is given. Having the reference-axes OP and 
OV and a point A through which the curve is to pass, we draw 
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through A the lines AD and AE, parallel to OV and OP: then 
drawing from the origin any radial line to cut these axixiliaiy 
axes at C and D, and completing the rectangle ADBC, we deter- 
mine the point B of the curve. For, in the similar triangles DOF, 
COE, 

DF or AE : CE or BF : : OF : OE 
or 

Pi : p : : V : r„ 

which satisfies (14). 

An operation which takes place at constant temperature is 
called an isothermal operation; and the curve drawn in Fig. 14 
is the isothermal curve of a perfect gas. 

(i) The General Law. — In these three laws is given the rela- 
tion between any two of the three variables p, v, and t or T, when 
the other is kept constant. From the three expressions, 

~=C (8), -^=0 (12), and pv^C (14), 

it is self-suggestive that the general law must be 

f-C* (15) 

this, if for no other reason, because each of the particular laws 
can be directly derived from this general equation. 

A more strictly logical deduction of this law is as follows: 
Suppose that we have a unit-weight of gas under the condi- 
tions Pi, Vj, and <i, represented as to pressure and volume by the 
point 1 in Fig. 16: and another equal weight, under the conditions 
p,, v„ and <j at 2. Now abstract heat from gas-body No. 1 at 
constant pressure, cooling it down to freezing-point or t^: then 
the volimie will become 

* This 83rmbol C b used simply to represent an undetermined constant* 
different in each of the several expressions. 
t Read, "v sub one zero." 
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Again, cool No. 2, at the pressure P2> *^lso down to t^; its volume 
will become 



^_J±_ 



To 



1+0/3 

Since the two have been brought to a conmion temperature, 
the isothermal law applies, and we have 

whence 



Pl^l _ ?>2^2 

1+aii 1+0/3' 



(16a) 



or 



(166) 



Pl^l_ P2^2 

Remembering that a=l-^-7\„ and that r=/+r^, we could 
have deduced the second expression directly from the first. Note 
that the /-temperatiires are here estimated, not above 0*^ F., but 
above 32® F., so as to give a less complex expression. 
P 




Fig. 15. — ^The General Law for Gases. 
Working with absolute temperatures, it is simpler to reduce 
one body of gas directly to the temperature of the other — or, to 
carry the gas from condition 1 to condition 2 by first changing it 
to Tj. Thus in Fig. 15, change No. 1 to Tj at pj,- then 



rrr, °^ 



Atr„ Pj»'=-p,t?,; whence ^r-~-ir-' 
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Substituting in (15) a particular set of values, we get the con- 
stant C as follows: 

For 1 lb. of air at 32** and atmos. pressure, p^-^14.7 lbs. per 
sq. in., ^0= 12.385 cu. ft., ^0=492^; then 

pv_ p,v, 14,7X12,385 
Y""77 492 •'^^^^' 



or 



pr-.37r (17) 



Example 5. — If a receiver of 32 cu. ft. capacity is filled with air 
at 80 lbs. per sq. in. pressure and at 96° F., what weight of air does it 
contain? 

For 1 lb. of this air the "specific" volume is, from (17), 

.37X556 -._ .^ 
V- — — — « 2.572 cu. ft.; 

then the weight of air in the receiver is 32 -^ 2.572 =■ 12.44 lbs. 

(;*) The General Equation pv=CT, having three variables, 
can be geometrically represented only by a figure of three dimen- 
sions. This is shown in Fig. 16: it is a curved surface whose sec- 
tions by planes parallel to the pv-plane are equilateral hyperbolas; 
while planes parallel to either the vT- or the p^-plane cut the sur- 
face in straight lines. In the figure, ACOB (two straight lines) 
is the limiting isothermal curve at 0® AF., while AiC^Bi and AjCjBj 
are the curves at 32® F. and 212® F. respectively. Then the 
figure OOjOjDjDi, on the vT^-plane, is exactly similar to Fig. 13. 
Of course, a series of isothermals, all projected upon or drawn in 
the same plane, and each numbered with its degree, would be of 
more use than tWs "solid" figiu*e, which is shown merely for 
illustrative purposes. 

(fc) Theoretical Derivation of the Law for a Perfect 
Gas. — From the theory as to the mechanical condition of the mole- 
cules of a perfect gas stated in (a), together with the experiment- 
ally established fact that the specific heat of such a gas is constant 
for all temperatures, the general law set forth in (i) can be logi- 
cally deriyed. 

The total heat-energy in one pound-weight of gas, which may 
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be thought of as put into the substance by heating it up from 
absolute zero, and in virtue of which the molecules have a kinetic 
eneigy proportional to the average velocity w, is 

The pressure which the gas exerts upon the confining surface 
(or an3rwhere within its own substance) is due simply to molec- 
ular impact, which is supposed to take place \mder conditions 
of perfect elasticity. The intensity of this pressm*e is propor- 
tional to the product of the force of each impact by the number 
of impacts within a unit of area in a given time. Of course, these 
impacts are so numerous and individually so small in energy that 
their sensible effect is a truly "static" pressure. If now we let 
/ be the force of the impact and n the impactrrate, then the pro- 
portionality jxist stated is expressed by 

p a /n. 

Think of the molecules as minute spherical bodies in rapid 
rectilinear motion: then the simplest cases of impact are when 
two molecules meet and rebound in the same straight line and 
when a molecule impinges squarely upon an element of the con- 
fining surface. At the instant when the moving mass has just 
been brought to rest, and before the reversed motion begins, the 
kinetic energy has all been absorbed in work of elastic compres- 
sion. Of the two factors of this work, the force has varied uni- 
formly from zero up to the maximum, so that the mean value is 
Just one-half this maximum; and the compression distance is 
directly proportional to the maximum force; wherefore the prod- 
uct depends upon /*: and since the kinetic energy to which this 
work is equal depends similarly upon w^, we see that the force 
of the impact is proportional to the velocity of the moving body. 

For a given number of molecules per unit of volume, moving 
with a certain velocity, the number of impacts per unit of area 
and of time is arrived at as follows: — ^The mean linear dimen- 
sion of the space occupied varies as the cube-root of the volume, 
and the surface as the two-thirds power of the volume. The 
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FiQ. 16. — Qeometrical Representation of the Law pv^CT, 



rate of impact will vary directly as the velocity and inversely as 
the distance and as the surface; expressing these relations mathe- 
maticaUy, we have 



whence 



Also 
And since 



1 1 

nccw, n a j-p=, n a 3-=, 



w 
na — . 

V 



f ccw. 
pccfncc—cc^, 



we reach the conclusion 

pvocT, or pv^CT. 

To be strictly correct, the kinetic enei^gy of the molecules is 
proportional, not to the square of their mean velocity, but to the 
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mean of the squares of all the velocities. To prove that the abso- 
lute temperature is proportional to this mean square is a difficult 
feat of mathematical physics. But it is apparent that the impact- 
force and the kinetic energy of the molecule being similar functions 
of fthe individual velocity, the summation effects ought likewise 
to be similar. 



§ 7. Simple Thermodynamic Operations with Gases. 

(a) Effects of Heat. — ^When heat is imparted to an expan- 
sive substance, with accompanying changes in pressure and volume, 
there are three ways in which the heat may be used or applied; 
these are: 

First, in chan ing the temperature of the body: that is, the 
heat is directly stored in the body, in the form of increased thermal 
energy of the molecules, and without any change in the condition 
of the heat itself. 

Second, in doing internal work in overcoming molecular forces 
or attractions. Since such work effects changes in the relative 
arrangements of the molecules, it is also caUed disgregation work. 
In perfect gases, where there are no molecular attractions, this 
work is zero. But where there is a change of state, as from liquid 
to vapor, disgregation work is of predominating magnitude. Heat 
used up in this manner changes from the state of active energy 
to that of passive, potential, or stored energy; ceasing to be sen- 
sible heat, but ready to reappear in that form whenever the con- 
ditions are suitable for its escape. 

In both these methods of expenditure, the heat is to be 
thought of as' doing internal work in or upon the body. 

Third, in doing external work, whenever the volume changes 
against an external pressure equal to the internal stress or pres- 
sure in the substance,* by overcoming the resistance of the 
confining surface, of whatever form, through a certain distance. 
The heat thus used definitely ceases to exist as heat, being 



* The full meaning of this proviso, and its practical bearing, will be brought 
out later. 
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transformed into mechanical work or energy: but is also capable 
of reconversion by a reversal of process. 

We will now consider the thermal relations and quantities 
involved in the several simplest and most important operations 
with gaseS; using air as an example and giving the numerical 
values involved. 

(6) Expansion at Constant Pressure. — When air is heated 
and expanded under constant pressure, the heat which must be 



saoo 




'5 ■ It 

Fig. 17. — Expansion at Constant Pressure. 

imparted in order to raise 1 lb. of air 1® is, as determined by 
experiment, .2375 H.U.; this specific heat at constant pressure 
we call Cp. Then for the process represented in Fig. 17 the total 
heat imparted is 

Q-Cp(t,^Q* (18) 

The amount of external work done is 



and substituting from (17), we have 

C7=144X.37(Tj-Ti) = 53.3(r3-rj. 



(19) 



(20) 



That is, for each degree that the temperature is raised, 53.3 or 
R ft.-lbs. of external work are done by the gas. 

♦This formula, as all those involving volumetric or thermic quantity 
which precede or follow, b for the unit weight of gas; for any weight O, 
(18) would take the form 

The volume v of 1 lb. of gas under any conditions b called its specific volume. 
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Subtracting this external work from the total heat, we get the 
rate of heat-expenditure for internal work to be, 

c,=Cp-Aie=.2375-|g 
= . 2375-. 0685-. 1690 (21) 

(c) The Pressure-volume Measure op Work. — The method 
used in Eq. (19) for expressing work is based on the following 
considerations: 

If we imagine the body of gas to be enclosed in a cylinder 
with an area of cross-section (or of piston) of 1 sq. ft., then every 
cubic foot of volimie-change will cause the piston to move 1 ft.; 
and this movement will be against the pressure per square foot, 
144p or P: evidently, then, PXiv^—v^) meets literally the definition 
of work as force X distance. But it is also apparent that changing 
the size of the piston, which, for a given weight of gas, would vary 
the force upon the piston in inverse ratio to the distance moved by 
it, would not change the product Pv: so that, having used the 
simplest case to establish the idea, we see that the result would be 
the same for any dimensions, or for other methods of confining 
the gas — even for a portion of free air, confined simply by the 
surrounding atmosphere. In this Pr-method of computing work, 
all measurements must be made in terms of the factors of the 
work-unit. Thus in the foot-poimd sj'^stem, pressures must be in 
lbs. and on the sq. ft., and volumes in cu. ft. Using kilogram- 
meters, pressure must be in kg. per sq. m., volume in cu. m. For 
lbs. per sq. ft. we shall regularly use the symbol P, putting Eq. (17) 
into the form, for work computation, 

Pv=ijr=53.3r (22) 

Example 1. — Let 1 lb. of air at 100° F. and atmospheric pressure be 
heated to 200°: find values for total heat, external work, and internal 
work. 

The total heat is .2376X 100-23.76 H.U. 

The initial volume is 

t>,-12.39X ^-14.10 cu. ft. 
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and the increase in volume is 



r.X 






100 
14.10X^«2.518cu. ft. 



und 



The pressure is 144x 14.7-2117 lbs. per sq. ft.; then 
l7-P(v,-r») -2117X2.618-5331 F.P. 



Finally, 



ill/ -5331 -5-778-6.85 IT.U. 
/- 0- ill/- 16.90 H.U. 



(d) The Specific Heat for Internal Work, c^ in (21), is 
also called the specific heat at constant volume; because in heating 
under this latter condition, all the heat imparted to the gas goes 
to doing internal work or raising the temperature. A most impor- 
tant fact about this internal work is that it depends only upon the 
initial and final temperatures, and not at all upon the character 
of the process through which the gas passes. Always, then, the 
change in internal energy, and the heat supplied to produce it, 
are 

/=c,(/3-0 (23) 

(e) Isothermal Expansion. — Consider now what happens when 
a portion of gas expands isothermally in a cylinder, from Vj to v^ 



T-600*Ar 



OOQS 




- 'cJrr' ' 5 to 

Fio. 18.— The laothermal Curve. 

at the temperature T. Since T, does not diflFer from T^, the 
internal work is zero. The external work is represented by the 
area under the curve, between the limiting ordinates lA and 2B 
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in Fig. 18. The element of work, for a change of volume dv, is 
evidently Pdv: and the total work is fPdv between the limits 
r, and v^. The equation of the curve being 

Pv=P,v,, 



we have 
whence 






/"'"-""■r?-''-'-^' 



or 

E7=Pvloger, (24) 

where r is the ratio of expansion, always a number greater than 
unity (therefore the inverse ratio of compression), and equal to 
either v^-^v^ or Pl-^Pa. Then substituting from (22), we have 

E7=i?ri()ger (25) 

Now all the heat that need be supplied is that required for 
doing this external work; for 

Q^I+AU 
'^O+ARTloger. (26) 

In the reverse operation of compression, work is done upon the 
gas, and heat must be abstracted in order to keep the temperature 
from rising. 

A table of natural or hjrperboKc logarithms, for use in this 
calculation, will be found in Table I., col. 3. The relation to 
common logs is 

loge r= 2.3026 log r (27) 

ExABfPLB 2. — A cylinder 2 ft. in diameter and with the piston 1 ft. 
from the cylinder-head is filled with air at 80® F. and 3 atmos. pressure: 
what work will be done in expansion to three times the initial volume? 
Here Pi-3X 144X 14.7*6350 lbs. per sq. ft.; 
V, - 3.1416 cu. ft.; 
r-3; loge r- 1.0986. 
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Then C7 -6350X3.142X1.0986 

-21,916 F.P. 
And 21 ,916 -H 778 -27.2 H.U. must be supplied to do this work and 
keep the temperature constant. 

(/) Graphical Representation of Work. — ^In Fig. 18 we 
have an example of the Pv method of representing work, applied 
to the case of variable pressure. For the actual curves given by 
heat-engines, and drawn by the indicator, mechanical integration, 
by means of the planimeter, is generally used. Having found the 
mean pressiu'e acting through any change of volume, we use the 
general method 

U^P„,{v,^v,) (28) 

Or, we may work out a scale of relation of work to area, like 
that shown in Fig, 18, and multiply the area-measurements by this 
scale. 

(g) A General Law op Expansion, which has some impor- 
tant applications, is expressed by the equation 

pt^=C, (29) 

where the index n takes particular values for different cases. 
For this curve, 






n— 1 



(30) 



Putting this in terms of T, by (22), we have 
^ n-1 ' 



n— 1 



(31) 
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Now from (21), itfi=(c^— c^), whence, 

^t;^ fa-0(ri-r>) ^32j 

As always, /-c^(r,-ri). Then 
Q^AU+I 

^ii^ ^^^ 

{h) Adiabatic Expansion. — ^The most important particular 
case under the above law is that in which no heat is given to or 
taken from the gas as it expands or is compressed. Then Q»0, 
and from (33) we have 

(cp-nc„)(r,-ro-=o. 

Now T^ and T, cannot be the same, therefore we must have 

Cp-nc-0, 
or 

n=5s=Jb (34) 

Cv 

The equation of this "adiabatic" (no transfer) curve is then, 

jnf^^C; (35) 

and the value of k^ see (21), 

(t) The Adiabatic (Jubve is drawn in Fig. 19 for a consider- 
able range of expansion and of compression, with the isothermal 
dotted in, through a conunon point A, for comparison. In expan- 
sion without heat-supply, the gas does work at the expense of its 
internal energy and loses temperature, and the curve drops below 
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the isothermal: conversely, in compression without heat-rejection, 
the external work done upon the gas adds itself to the internal 
energy, and the temperature rises. Comparing the two curves 
of expansion, we have that for a given volimie, as OT, the point N 
on the adiabatic represents a smaller pressure in the gas than the 
point R on the isothermal; and that after expansion to a certain 
pressure, as OS, the gas under isothermal condition fills a larger 
volume than does that expanded adiabatically. 

(j) Drawing the Exponential Curve. — ^The task of drawing 
an adiabatic or any other curve of the form pi;»=C, if it involved 
the calculation of a series of co-ordinates directly from the equa- 
tion, would be very laborious. To facilitate this operation, a 



HV)Qfi 




90QQ 



Fio. 19.— The Adiabatic Curve. 

series of ratios is given in Table II., by means of which the ordi- 
nates can be foxmd by simple multiplication. In expansion, we 
take V as the independent variable, locating a series of ordinates 
at intervals of one-fourth of the original volume Vj, or of CA in 
Fig. 19; then by multiplying the initial ordinate AB or pj by the 
factors in the table, we get the lengths of the successive ordinates. 
Thus m Fig. 19, as drawn, AB was 2.665", representing 5330 lbs. 
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per sq. ft.; and the distances measured up from the base-line on 
the successive ordinates were as follows: 



^=-1.25 


1.5 


1.75 


2. 


2.25 


2.6 


■^=.7307 

Vi 

p =1.947 


.6655 
1.507 


.4653 
1.214 


.3774 
1.006 


.3198 

.862 


.2767 
.734 ins. 



For compression, p is taken as the independent variable, and 
values from column 10 of the table are used. 

(Jc) Adiabatic Temperature-range. — ^To find the relation 
between the limiting temperatures in an adiabatic expansion 
from PiVj to PaV,, we proceed as follows: 

PiVi*=Pat^a*; (37) 

factor this into the form 

then substitute from (22) and get 
or 

Again, from (37), 



T\-\vJ -W <38) 



V2 \vJ ' 



and in terms of pressures, (38) changes to 



*-i 



(0 External Work. — Since, in the adiabatic operation, the 
external work is equal to the change in internal energy, the for- 
mula for the latter gives the value of the former; knowing the 
limiting temperatures, we use Eq. (23), getting 

v.^,<L=L> ,40, 
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After the meaning of the exponent k has been established 
as in (34), we use c and kc instead of c^ and Cp. Note the reversal 
of algebraic sign in the expression for /: the internal work is of 
course a n^ative quantity in this case. 

Example 3. — A cylinder 2 ft. in diameter has the piston 1 ft. from 
the head, and is filled with air at 3 atmos. pressure and at 80^ F. : if 
the air is expanded adiabatically to 3 times the initial volume, what 
will be the final pressure, the final temperature, and the external work 
done? 

Rrat, p,-44.1 lbs. per sq. in. log i- - 1 + .52288 



P>" P> W ^'^^ log H - 1.406+ .73517 

=1.32917 

/I \ 1.406 

-44.1X l^j log 44.1 =1.64444 



-44.1X .2133-9.410 log p,«0.97361 

as compared with 14.7 after isothermal expansion through the same 
ratio. 

It is rather simpler, as a numerical operation, to put the expression 
for pj into the form 

p,=Pj+r*, 

for we thereby get rid of the negative characteristic of log y^j : then 

log 3 = 0.47712 log 44.1 = 1 .64444 

1.406 log 3 - 0.67083 - 0.67083 



T. 



log p,- 0.97361 
Next, 

r-T a^*"* log 3-0.47712 

'« '\vj .406 log 3-0.19371 

-T, -!-r*-i log 540-2.73239 

-540^3'*^ -0.19371 

-540 + 1.5621 -346.r»AF.— 114.3^ F. log 7,-2.53868 

To find the external work by (30) , we have 

44.1X3.142-9.41X9.425 



17-144 
-144 



.406 
138.55-88.69 



.406 
^ii^«-17,683F.P. 
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The heat lost per pound is 

-/= .169(T,- r,) = .169(540- 345.7) 
-.169X 194.3 = 32.84 H.U. 

For the initial conditions, the specific volume is, from (17), 

.37X540 _^^ . 
v== — Txi — =4.531 cu. ft., 
44.1 ' 

and the weight of air in the cylinder is therefore 

3.142-^4.531 = .6935 lb. 

The heat lost from this amount of air is 

32.84X .6935=22.774 H.U., 
equivalent to 

22.774X778=17,708 F.P. 

Example 4. — A body of air enclosed in a cylinder at atmospherio 
pressure and 70° F. is suddenly compressed to one-fourth of its original 
volume; what will be the temperature before any of the heat escapes? 

Tj = 530, Vj = 4, t;,= l 

1.400 



T.^tJ^Y ' = 530x4* 



= 530X 1.7573=931.4° AF. or 471.4° F. 

(m) Physical Conditions for the Adiabatic Process. — Of 
course, an adiabatic operation could be performed only in an 
absolutely non-conducting cylinder, of a material with no capacity 
for heat: it is therefore an ideal process, but none the less impor- 
tant in thermodynamic theory. One of the nearest approxima- 
tions to adiabatic action is that given by the conditions of Example 
4, where the time for heat-transfer is made as short as possible. 

§ 8. The Ideal Heat-engine. 

(a) We are now ready to develop the thermodynamic process 
of the ideal heat-engine, which is to give the greatest possible 
eflSciency in the conversion of heat into mechanical work, and serve 
as a standard of comparison for actual engines. 

(6) In every heat-engine, the working-substance goes through 
a circuit or cycle of operations. Starting at a particular condition, 
it passes through several changes of state, and returns to the 
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original condition. This continuity of process, or closure of 
cycle, is essential if the working of the engine is to be continuous. 

(c) In general, the major divisions of the cycle are, an expan- 
sion during which heat is received from some source at high tem- 
perature and external work is done; and a compression during 
which external work is done upon, or received by, the working- 
medium and heat is rejected to an outside body at low tem- 
perature. Each of these main divisions usually contains two 
distinct processes, and may contain more than two. 

(d) Using the terminology of the ordinary 'cylinder and piston 
engine, the cycle consists of an out- or working-stroke and a retum- 
or compression-stroke. Obviously, it is desirable that, for a given 
amoxmt of heat supplied, the effective difference between the positive 
woric of expansion and the n^ative work of compression shall 
be as large as possible; for the ratio of this effective work to the 
heat received measures the efficiency of the heat-engine. Since 
the pressure of a given portion of gas, confined in a certain space, 
is proportional to the absolute temperature, and since the same 
range of volumes is passed through in both strokes, the evident 
requirement for high efficiency is, that the expansion shall take 
place at the highest possible, and the compression at the lowest 
possible, temperature. 

(e) If a maintained imiform high temperature of the source of 
heat is the upper limit, and if a similar constant temperature of 
the cold absorbing body or "source of cold" is the lower limit, 
then it appears that isothermal operations at these respective 
temperatures best meet the requirement just stated. But besides 
expansion at a constant high temperature and compression at a 
constant low temperature, there must be a drop from the high 
to the low temperature in one part of the cycle, and a return from 
the low to the high in another. For these operations, the adia- 
batic process, involving no transfer of heat to or from the medium, 
naturally suggests itself. 

(/) This cycle — conmionly called the Camot cycle — is repre- 
sented in Fig. 20. The engine uses a confined body of air, which 
is alternately heated and cooled in the cylinder. All the surfaces 
in contact with the air must be thermally neutral, that is, must 
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have no capacity for heat; and all except the cylinder-head must 
be perfectly non-conducting; the latter is a perfect conductor, but 
is provided with a cover of the neutral material. These condi- 
tions are imposed in order that adiabatic operations may be carried 

P 




Fio. 20.— The Ideal Heat-engine. 

out. There is also a source of heat H, or heat-reservoir at high 
temperature; and a heat-receiver jB, at low temperature: either 
of these can be brought into contact with the cylinder-head, for 
the isothermal operations; and it is xmderstood that the heat 
can pass instantaneously to and from the air when a way is opened. 
Mechanically, we assume that provision is made for exerting a 
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force along the piston-rod always equal and opposite to the pres- 
sure of the air upoxi the piston, and for regulating the nK)vaBent oi 
the piston* 

(g) The description of the cycle shown in Fig, 20, with expres- 
sions for all the quantities involved, is as follows: 
Start with a unit weight of air at pj, t?^ and T^, 
Phase L of cycle: Isothennal expansion, at T^ from I to 2: 

Q,-Af7.-Aier,log.^. 

Phase n. Adiabatic expansion, along 23, from T^ to T^i 
ft V ^ P»*^* J ^^ ^^^ (38) 



i-m 



(41) 



Qn-0; 

U„'j~ri^T,-T^ (see 31). 

I^ase HL Isothermal compression, at T^, from 3 to 4; 
Phase IV. Adiabatic compression, along 41, from T^ to Til 



i-(Mr^ <«> 



Q.T-0; 



k-l 
From (41) and (42), 



£»-£« 

»% «« f 



whence 

?-?-'• (43) 



( 
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That is, isothermals between and limited by the same adiabatics 
have the same ratio of expansion. 

Now the adiabatic works Uu and Ujy are equal, and balance 
each other; then the effective work is 

C/=E/i-t7ni=filoger(r,-rO; 

and the ratio of work done to heat received, or the eflSciency, is 

AU_Q,'Qr„_T,^T, 



Therefore, the greatest possible amount of work that can be 
gotten out of a quantity of heat Q is 

^=|-?r ^^^ 

(h) Thbbmodynamic Value op Heat. — Every heat-engine 
receives heat at high temperature, converts part of it into work, 
and rejects the rest at low temperature. The thermodynamic 
value of any portion of heat depends upon its intensity or tem- 
perature. It is only through the passage of heat from a higher 
to a lower state that a thermodjmamic process is possible. The 
heat-engine just described is, for a given range, the most efficient 
possible because it takes in all its heat at the upper limit, and 
rejects all the imused heat at the lower limit. If heat is available 
at a certain intensity, but is taken into the engine at a lower tem- 
perature, there is evidently a loss of thermodynamic potentiality: 
similarly, if part of the heat rejected is at a temperature above 
that of the receiver, all the possible work has not been gotten out 
of it. 

(z) Reversible Cycle-process. — ^This cycle is frequently stated 
and proven to have maximimi efficiency because it is a "reversible 
cycle-process"; which is only another way of saying that its heat- 
reception is isothermal at the upper limit and its heat-rejection 
isothermal at the lower limit. That is, the only imaginable re- 
versible process of direct heat-transfer between a body maintained 
at constant temperature and another body, is that which takes 
place at this maintained temperature. Take for instance the case 
of a portion of gas raised to T, under constant pressure, by heat 



1 8 (t)] THE IDEAL HEAT-ENGINE. 49 

received from a source at T; it would no more be possible to force"* 
the heat back into the source by the reverse operation of com- 
pression at constant pressure, than it would be to make water run 
up-hill. That the adiabatic process is reversible is self-evident. 

(J) The Argument from Revebsibiuty, probably contain- 
ing more of logical deduction than any other statement of what 
is very nearly a fundamental idea, is as follows: 

Suppose that we reverse the working of the apparatus illustrated 
in Fig. 20, following out the cycle in the order 14321 : now a cer- 
tain amount of heat JKj is drawn from the receiver during the 
isothermal expansion 43, the effective work of the cycle is added 
to it, and the amount of heat H^ is rejected into the heat-source. 
To drive this reversed heat-engine, or heat-pump, we employ 
another heat-engine, connected to the same soinrce and receiver, 
drawing from the former the heat ff, and rejecting to the latter 
the heat 22, — and which is, if possible, to have a higher thermal 
efficiency. Assuming that there are no mechanicai losses, the 
work done by No. 2 must be the same as that received by No. 1, or 

In No. 1, the quantities H^ and R^ bear the same relation to 
each other and to the work of the cycle, whether the engine is 
operated in direct or in reversed order; then the efficiency of 
No. 1, as an engine, is 

^' 5^- 

And the efficiency of No. 2 is, of course, 

Now if it were possible for No. 2 to be more efficient than 
No. 1, we should have 

Since the nimierators arc equal in these expressions, the inequal- 
ity could be produced only by making H^ greater than H^; this is 
manifestly impossible, for it would involve putting more heat 
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into the source than was taken from it, or a gradual transfer of 
heat from a cold body to a hot body, by a self-contained process. 

(k) The Hydraulic Analogy.— There is a close analogy 
between the apparatus just described and an arrangement con- 
sisting of a water-motor set to driving a pump, where both work 
between the same levels. .The best that any water-motor can do 
is to transform into useful work all the energy lost by the water 
in sinking from the upper level to the lower; reversed to a pimip, 
this perfect motor would require for driving it only an amount 
of work just equal to that of lifting the water from the lower level 
to the higher. No more efficient motor can be imagined. 

The hydraulic analogy also applies to the efficiency deduced 
in Eq. (44) : the total potential energy of position of a portion of 
water is that due to its total height h^ above sea-level; if it is 
discharged from the motor at a level A,, the absolute efficiency of 
the operation is 

A, 

It will not do, however, to cany this analogy into the details 
of the respective hydraulic and thermodynamic processes. 

Example 1. — The particular numerical values used in laying out 
Fig. 20 are as follows: 

As primary data, (using 1 lb. of air), 

r, = 800°, r,-500°; • v,-2.5, v,-20cu.ft. 

Then for Phase I., pv - ,37T, - 296, 

and for Phase III., pv= .37^,- 185. 

Then pj- 296+ 2.5 -118.4 lbs. per sq. m. 
and 

p^-185-^20-9.25 lbs. per sq. ul 

The adiabatic ratio is 



'-©'""- 



."M log 1.6-0.20412 

-3.182 " ^'-0.50276 
Now 

v,-20^-3.182-6.284, p,- 296-*- 6.284 -47. 10, 
and 

V, - 2.5X 3.182 - 7.95, p, - 185 -*- 7.95 - 23.27. 
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The two isothermal ratios are 

V, 6.284 „^,. , V, 20 ^^_ 
-2- -^-^-2.514 and -i = — --2.516. 
v^ 2.5 V4 7.95 

UsiDg r« 2.515 we get 

Ui - 144 p,v, loge r- 144X 295X .9223 

-34,179 F.P. or 50.36 H.U. 

Since the efficiency is .375, the useful work is 

39,179X .375- 14,692 F.P. or 18.88 H.U. 

The piston-displacement in this case, from i\ to v„ is 17.5 
cu. ft.; and the work done percu. ft. of this displacement is only 
14,6924-17.5=840 F.P. Now by the method of Eq. (28) we find 
that the mean effective pressure in this operation — ^the difference 
between the mean forward-pressure on the out-stroke and the 
mean back-pressure on the return-stroke — is 840 lbs. per sq. ft. 
or 5.83 lbs. per sq. in. A noticeable fact in regard to this cycle 
is the small effective mechanical intensity of the operation; this 
means that the engine must have a lai^ge bulk for a given output 
of work. 

Example 2. — A heat-engine working between the limits T^ — 800® AF. 
and r,— 500 receives 8750 H.U. per horse-power-hour: what is its abso- 
lute efficiency, and what its relative efficiency, compared with the ideal 
engine? 

The heat-value of 1 H.P.H.— see 5 5 (d)— is 2545 H.U.; then the 
absolute efficiency, or ratio of work done to heat received, is 

«-■ ^040 ^^^^ 

The ideal efficiency is Eq^,375; then the relative efficiency is 
£-i-J2ro-.2909+.375-.773. 



CHAPTER in. 
THEORY OF THE STEAM-ENGINE. 

§ 9* The Generation and Properties of Steam. 

(a) Temperature op Steam-formation. — In the operation of 
generating steam by the application of heat to water, the first 
step is the heating of the water up to the boiling-point. This 
temperature depends entirely and only upon the pressure at which 
the steam is to be formed, and to which, in any ordinary case, the 
water is subjected from the time it enters the boiler. As the 
temperature rises, the water expands slightly, but there is no 
other physical change. The temperature of steam-formation is 
212® for the standard atmospheric pressure of 14.7 lbs. per sq. in.,* 
it rises and falls with the pressure, in a definite but complex rela- 
tion. 

(jb) Heat or the Liquid. — Since the specific heat of water 
increases slightly with the temperature, becoming greater than 
1.00, the quantity of heat required to raise 1 lb. of water through 
a certain range of temperature is a little greater than the number 
of degrees of rise. In tables of the properties of steam, the first 
heat-quantity given is that required to raise the water from 32? 
(melting-point) to the particular boiling-point t. This is called the 
"heat of the liquid," and its symbol is q. Generally, the actual 
process is begun at some temperature t^, higher than 32**, the 
feed-water abeady contaming the heat ^o above water at 32**: 
then the heat required to raise the water from the initial tempera- 
ture ^0 to the boiling-point t is 

h^iq-qo) (46) 

(c) Evaporation. — ^After the water has reached the steam- 
temperatiu^ t corresponding to the pressure p, then further addi- 

52 



f 9 (c)] THE GENERATION AND PROPERTIES OF STEAM. 53 

tion of heat will not raise the temperature, but will change the 
water into steam. Of course, the pressiu^ can be kept constant 
only by giving room for the continual expansion from water into 
steam. In the steam-plant, the moving piston of the engine, 
continually receiving steam behind it, pennits this necessary 
expansion. Since the temperature remains constant, evaporation 
at constant pressure is an isothermal operation. 

(d) Heat op Vaporization and Total Heat. — ^The heat used 
in producing this change of state from liquid to vapor does chiefly 
disgr^ation work; and a very large amoimt erf heat is absorbed 
during the operation. Since this heat of vaporization disap- 
pears as sensible heat, apparently becoming concealed in the 
substance, it is commonly called latent heat. The symbol for it 
is r. 

Now the total heat of formation of 1 lb. of steam, above water 
at 32?, is 

H^q+r (47) 

But if the feed-temperature is t^^ then the heat required is 

Q=q-qo+r (48) 

(e) Heat for External Work. — ^The heat of vaporization 
is really expended in two ways: the larger part, as just stated, 
does disgregation work, in overcoming internal molecular forces; 
a smaller part does external work, in overcoming the confining 
pressure through the increase of volume from water to steam. 
If k; be the volume of one pound of water, and s the volimie of 
the pound of steam — ^these are both '^ specific volumes" — then 
the increase of volume is 

u^s—w (49) 

From this we get the external work to be 

C7-144 pu=Pu (50) 

A fair average value for the weight of 1 cu. ft. of water at the 
temperature of steam-formation is 56 lbs.; this makes iy=.0175 
cu. ft. — a quantity so small relative to a that it can be neglected 
except in exact calculations. 
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(/) Inner Latent Heat. — ^Having calculated from APu the 
neat-value of the external work of formation, we get the inner 
latent heat I by subtraction from the total latent heat r, so that 

l^r-APu (51) 

(g) Partial Evaporation. — ^The limits of the evaporation 
process imder the conditions p and t are, at the beginning, 1 lb. 
of water, of the volume w^ containing the heat q; at the end, 1 lb. 
of steam, of the volume «, containing the heat q+r. At any 
intermediate point* in the operation, where the fraction x of the 
pound has changed to steam, while the remainder (1— x) is yet 
water, the volume of the mixture is 

v=w+xu (52) 

or, very nearly, simply 

v=xs (53) 

At the same time the heat-content is 

Q=q+xr (54) 

For the general case of an initial temperature ^o a^d incom- 
plete evaporation, to the degree x, the formula for the heat of 
steam-formation is 

Q=3-3o+^ (55) 

Frequently, however, it is more convenient to make the com- 
putation by the method 

Q=i/-g,-(l-x)r, (56) 

subtracting from the total heat^F, first the heat already in the 
water at the beginning of the process, second the heat not put 
into the unevaporated water at the end. 

§ 10. Steam Constants and Relations. 

(a) Determination of the Steam-quantities. — ^The numeri- 
cal values of the various steam-quantities have been found by a 
great number of careful experiments — notably those of Regnault 
— extending over a wide range of conditions. The laws connecting 
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them do not have the logical simplicity of those for perfect gases, 
but are ahnost entirely empirical: the results of the experiments 
were very carefully, plotted, and equations foimd for the curves 
passing through these points. The relation between p and t and 



f200 




n^ 




99 




P 




^ 


^ 








^ 


Ji 








a 


X) 




m 


, 


2 


92. 








.jpo 








^^ 






— 


— 


— 






■" 




■^ 








F 








H 






















^ 




2 




























IV 




_ 




_ 


__ 


__ 




_ 




^ 










^ 




- — 


— 




"■ 










































"" 








1000 






9 . 




















































































































MO 




- 


e_ 














































































































~ 








AOO 




_] 


LUL 
















































^ 


- 




400 






































- 


^ 




^ 


— 


■^ 














700 




























I 


^ 


'^ 


'^ 






























r 














^ 


-^ 




V 




































aoD 






p 








^ 


-^ 




















































\ 




X 


'^ 


















































900 






/ 


7 
























































/ 


/ 


\ 






















































400 

n. 

300 

m. 

200 
IV. 
100 




/ 




\ 


.8 




















































J 








\ 


























"? 


n. 




^ 


.^ 


.— 




— 




t^ 






200 


7 










k 


e 






- 






— 




— 


"" 


r 
























T 










^ 


\ 


\ 








































I. 


r 




^^ 


^ 










V 


'v 


4 










































/ 


















V 




^ 


Y- 


3 






























lOO 


7 






























r 


— 


-^ 









n. 
















ZJ 


r 
















































■^ 




— 








& 

































































L 


MLfl 


EHQ 


» 


9 


J 


P 




IC 


» 








a 


K) 








2G 


l6 








"23 


a> 








IQ 


o 



Fio. 21. — Steam-curveo on pw 



the values of q and ff or r are fimdamental determinations, which 
could be made only by experiment: the volume 8 can be calculated 
by a method whose deduction belongs to advanced Thermody- 
namics, besides being found by experiment: and APu is, of coiu^e, 
a derived quantity, as is Z. 
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(6) Steam at Atmospheric Pressure. — ^The particular values 
for steam at 212^ and 14.7 lbs. per sq. in. are 

g=» 180.9 H.U., which is 0.9 greater than (<-32); 
r- 965.7 H.U. , • 
If =» 1146.6 H.U.; and «= 26.66 cu. ft. 

These three heat-values should be memorized, because the 
heat-formulas which we use when steam tables are not available 
are so shaped as to give the departure from these numbers for a 
given departure of t from 212**. 

(c) Graphical Steam-table. — ^The quantities enumerated in 
(a), taken from the Steam-table (Table IV.), are laid out on a 
pressure-base in Fig. 21. The curves are as follows: 

Curve I. shows t, to the scale at the right. 

Curve II. gives q and III. gives H, both to the scale at the 
left; then r is included between II. and III. 

Curve IV. is got by measuring the external work APu down- 
ward from III. ; so that the inner latent heat I is between II. and IV. 

Curve V. gives the volume of 1 lb. of steam, to the scale marked 
along the curve. 

This graphical steam-table is on too small a scale to be used 
for getting numerical values; it is intended to show how the several 
quantities vary, and especially to illustrate the relative magni- 
tude of the different heat-quantities. 

(d) Relation between Pressure and Temperature. — It 
will be noted that t changes very rapidly with low values of p, 
but at a slow rate over the range of usual boiler-pressures. The 
equation of curve I., foimd by trial, is of complex form, and is of no 
practical use for ordinary determinations; so that reference to 
the Steam-table is the only practical way to get t from p or the 
reverse. It will be well to remember the following few values, so 
as to have some idea of the temperature corresponding to any 
pressure: 

P, by gage = 50 100 150 200 
«= 298 338 366 388 

In all our work up to this point, we have taken p to be abso- 
lute, or the total pressure above zero. Actual pressure-gages 
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measure, however, not above zero, but above the atmosphere: 

and 14.7 must be added to their indications to get absolute pressing. 

(e) Variation of Pressure with Temperature.— In Fig. 22, 

curve I. shows the converse of Fig. 21 I., or how p varies on t: 



Wl ■ - 1 1 1 1 |Vi| 1 1 1 I I 1 I 1 1 1 1 1 1 

Sf= = = -- V. 1- 

240 


1 


=.»- ^ 


JV.^--' - - "Tbi 


n^^-^ fy 


^-^tfi ^ 


"la" "» .^2o 


^^ J- 


WVi/ MO 6 


JH f.^ y 


- . ., "TC,/ . _ . A* 1^ 


7 ^ y^ 

■^ -4 ^ 


^ jjfifl'^^ dZ^ 


- ^^ ^-"" 


J^ ^^^ 


y 1150 f^.^ r'c 


H^y^ ^^ 7 


^/ _ i^^^ i^ 


IIM-/ I^S^ / 


/^^^^< .. l^ 




BT .^ii20 T^r 


^—z^^- 


io or 150 t 200 250 300 MO ^ |) 



Fig. 22. — Steam-values on /. 

note how rapidly the pressure rises with the temperature in the 
higher part of the scale. The line of atmospheric pressure is drawn 
in, and we see clearly how the left-hand part of the curve extends 
into the vacuum range: this illustrates the principle on which 
the working of the vacuum-condenser depends. 
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(/) Formula for Total Heat. — ^The simplest and most useful 
steam-heat formula is that for the total heat, 

F= 1146.6+ .305(^-212). (57) 

This is an exact formula, applying to all ranges of temperature: 
for low ranges it may be more convenient in the form 

H-1091.5+. 305(^-32) (57') 

In Fig. 22, the straight line II. shows how H varies: by the 
expedient of plotting only the upper end of i?, we get a diagram 
that is to a large enough scale to be useful for iSnding niunerical 
values, approximately, even on this reduced figure. 

{g) Heat of the Liquid.^— The exact formula for the water- 
heat is, 

g=(f-32)+ .000,011(^-32)'+ .000,000,093(«-32)». (58) 

In Fig. 22, curve III. is got by plottmg, to the large scale indi- 
cated, the excess of q over (i— 32): this curve for [^— (<— 32)], 
when we know <, can be used for getting the exact value of q quite 
as effectively as the Steam-table. An approximate formula for 
gis, 

g= 180.9+ 1.02(^-212); (59) 

its effect is shown by the straight line A, Fig. 22 III., and it ap- 
pears to be exact enough for all practical purposes over the range 
from 10 lbs. to 105 lbs. absolute, or from 190** to 330**; the error, 
within these limits, being less than .2 H.U. 

(h) Approximate Formula for Latent Heat. — Now we have 
T=H—q) or, subtracting (59) from (57), the approximate for- 
mula 

r= 965.7 -.715(^-212); (60) 

which is good for the same range as (59). When we note that the 
total heat increases by only .305 H.U. per degree, while the heat of 
the liquid increases by a little more than 1 H.U., we see why the 
latent heat must decrease as the temperature of formation rises. 
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(i) The Relation between the Pressure and the Volume 
of one pound of steam, represented in curve V. of Fig. 21, is 
given very closely by the empirical equation, 

p8^'^=C (61) 

For p in lbs. per sq. in. and 8 in cu. ft., the value of C is 483. 

(j) Value of the External Work.— The curves at the top 
of Fig. 22 are all concerned with the external work of steam- 
formation, AU or APu. Curve IV. shows the value of AU in. 
H.U. per lb. of steam, to the scale marked. Curves V. and VI. 
show two ratios, the first the ratio of AU io the total heat H, 
which begins at .055 and rises to .07; the second the ratio of -417 
to the latent heat r, ranging from .06 to .10. These are given in 
order to emphasize the smallness of the fraction of heat that goes 
to do external work during evaporation; and will be referred to 
when the performance of the engine is taken up. 

Exahple 1. — If steam is made at a gage-pressure of 85.8 lbs. per 
sq. in., from feed-water at 110° F., and contains 1.7 per cent, of moisture, 
how much heat is utilized from the fuel in the making of each pound? 

Hie absolute pressure is 100.5 lbs., and the corresponding tempera- 
ture 328.0*^; at llO*', using Fig. 22 III., 

go"110- 32+0.1^78.1; similarly 
g«328.0~ 32+3.3-299.3 (compare i^-ith Table); 
H= 1146.6+ .305X116- 1146.6+ 35.4- 1182.0; 
r=1182- 299.3-882.7; 
a:-.983; (l-x)-.017. 

Now 

Q^g-q^-^xr (55) 

-299.3- 78.1 + .983X 882.7 
-221.2+867.5-1088.7; (A) 

or 

Q-//-(7o"(l-a:)r (56) 

- 1182.0- 78.1- .017X 882.7 
-1103.9- 15.2-1088.7. (B) 

For this last method we should need to get only H and q^, and find 
r from (60) : 

r- 965.7-. 715X1 16 
-965.7-82.9-882.8. 
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In (B), the first item, 1 103.9, is the heat in 1 lb. of dry steam at p and t, 
from t^; which is frequently desired for comparison with the final value 
of Q. 

ExABfPLE 2. — Steam is made at 150 lbs. abs., from feed-water at 
210^, completely evaporated. How much heat is spent in raising the 
water, in inner work, and in outer work? 

First, 5o=210- 32+ .9» 178.9; 

<« 358.2; 

5=358.2- 32+4.4=330.6. 
Then g-^o** 151.7. 

Second, H = 1146.6+ .305X 146.2 

= 1146.6+44.6=1191.2; 
r= 1191.2- 330.6=860.6. 

Now suppose that we are required to find the outer work without 
using the table at all: from (61) we have 

150 slow = 483 log 483 = 2.68395 

«=2.998 log 150=2.17609 

(In table, 3.001) 

1.065)0.50786 

log 5=0.47687 

Now l/= 144/m- 144X 150x (2.998- .018) 

= 21,600X 2.980=64,368 F.P., 
or 

Al/=82.74 H.U. 

TTien for the inner work we have, 

l^r-APu 
=860.6-82.7=777.9 H.U. 

The discrepancy between the value oi AU found here and that in the 
Table is due partly to the difference in «, partly to the fact that in the 
Table w is taken .016 all through. 

In both these examples, the least possible use is made of the 
Steam-table, in order to give practice with the formulas. In gen- 
eral, however, the Table is to be used wherever it can be. For 
most purposes, especially for working up the results of tests, 
values carried to one decimal place arc sufficiently accurate. 

Example 3. — A cylinder 2 ft. in diameter by 3 ft. long is filled with 
steam at 87.5 lbs. abs. : what is the weight of this steam? 
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Hie volume of the cylinder is 

3.1416x3-9.425 cu. ft. 

The weight per cu. ft. of the steam, from the Table, is .2010 lbs. 
The total weight la 

9.425X .2010- 1.894 lbs. 

Or, the volimie per pound is 4.975 cu. ft., and 
9.425-5-4.975-1.894 lbs. 

§ II. The Different States of Steam. 

(a) The steam or water-vapor which we have so far been 
considering is what is known as saturated steam. This may be 
defined as steam in the state in which it is formed from water, or 
steam as it exists in the presence of water. If we separate the 
steam from water, and then supply more heat to it, it will become 
superheated and will approach a perfect gas in behavior. 

(b) Graphical Representation of Saturated and Super- 
heated Conditions. — The distinction between these two states 
can best be illustrated by the method of Fig. 23. For a particular 
pressure p or OM, we lay off to scale the volume u;=MW of one 
pound of water, and the volume «=MS of the same water when 
just all turned into steam. Doing this for a series of different 
pressures, we get two sets of points, through which the curves 
WjW, SjS can be drawn: and these curves are the boundaries 
of the saturated state of steam. The W-locus separates steam from 
water, the S-locus divides saturated steam from superheated. 
Any point in the intermediate space shows the relation between 
the pressure and volume of a unit weight of a mixture of steam 
and water in a certain proportion. The figure is drawn true tc 
scale, except that the water-volume MW is laid out ten times it^ 
proper size, so that it may be visible. 

(c) Curve of Constant Steam-weight.— The curve S^S,, or 
any similar curve ViV„ drawn for a particular constant steam- 
fraction x (in the figure for 0.5), is called a curve of constant steam- 
weight. Besides being a mere curve of relation, as laid out, it 
also represents what would take place if a body of steam and 
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water mixture were expanded in a cylinder, the pressure and tem- 
perature changing together in definite relation, and the heat con- 
ditions so regulated that no water was evaporated and no steam 
condensed during the operation — or, that the quality-fraction x 
remained constant. 

Note that Eq. (61) is the equation of this curve. 

(d) The Saturation Curve.— The particular constant-weight 
curve SS, for which x=l, or the steam is dry as well as saturated, 
is also called the saturation curve. The reason for this is best 
appreciated if we approach the curve from the superheated side. 
But before taking up this matter we will consider the pecuUarities 
of superheated steam. 

(e) Superheated Steam. — In Fig. 23, after the water has all 
been evaporated at p, if we continue to add heat and keep this 
pressure constant, the temperature will rise, and the steam expand 
along the line SH like a gas. Then one definition of superheated 
steam is, that it is steam which, for a given pressure, has a higher 
temperature and a larger specific volume than saturated steam. 
Again, having evaporated the water at p', to S', we might keep 
the volume constant and continue to supply heat; then pressure 
and temperature will rise together: and a second definition is, 
that superheated steam has, for a given voliune, a higher tempera- 
ture and pressure than saturated steam. 

(/) The Complete Isothermal of Steam. — ^Besides the two 
ways just described of getting from the saturation curve to any 
particular state H, a third simple way is by isothermal expansion, 
along the curve HiH, from some higher pressure at which the satura- 
tion-temperature is the same as that at H — ^provided that this 
does not call for an impossibly high pressure at the start. This 
isothermal curve is not quite an equilateral hyperbola; but the 
difference is slight, and gradually disappears as the steam gets 
far away from the saturated state. The complete isothermal 
for steam is, as now appears, a constant pressure line WS for the 
mixed or saturated state, and a curve SX, very nearly (pv=C)f 
for the superheated state; with a point on the saturation curve 
marking the junction of these two lines. 

(g) Transition from one State to the Other. — ^Now if 
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we start at any superheated point H, and abstract heat at con- 
stant pressure or at constant volume, or m any other manner, the 
steam will behave like a gas tiU the curve SS is reached ; and then 
there will be an abrupt change in properties. Thus, along HS 
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Fig. 23.— Different States of Steam. 

temperature falls and volume shrinks, to S; then temperatiu'e 
remains constant, and volume is diminished by condensation. 
Along HS', temperature falls and pressure drops, to S' ; then pres- 
sure and temperature fall together in the different saturation- 
relation, as the steam condenses. From the superheated side, 
then, SS is logically the "saturation curve"; from the other side 
it may well be called the "dry-steam curve." 
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§ 12. Superheated Steam. 

(a) A General Formula for Superheated Steam, devised 
by Zeiiner, and covering the space to the right of the saturation 
curve in Fig. 23, is 

pr;=.6496r-22.58|^, (62) 

where p is in lbs. per sq. in., v in cu. ft., and T in °AF. This serves 
for dry saturated steam as well as superheated: for if we substi- 
tute corresponding saturation values of p and T, the v we get is 
the specific steam volume 8. Some examples will make clear the 
use of this formula. 

(6) In Fig. 23, for the point S, p is 60 lbs., t is 292.5°, and s 
from the Table, 7.087 cu. ft. Now T is 752.5° and 1/60=2.783: 
then by (62), 

60i;=.6496X752.5-22.58X2.783 
=488.82-62.84=425.98; 
V = 7.085, a close agreement with s. 

(c) For the point H, v is taken 10 cu. ft., and the corresponding 
temperature is to be found. We have 

60Xl0=.6496r-62.84, 

-^ 662.84 ^.Q 
^ .6496 -^"^"-^^ 
or 

^=560.4°. 

For a point on the isothermal HHi, as that at 180 lbs. pressure, 
we have 

I80t;=662.84-22.58X3.663 
= 662.84-82.71 = 580.13; 
v=3.223cu. ft. 

If the curve were a hyperbola, this value- would be 

60X10 
t;=-3gQ- =3.333. 
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From the maimer in which p is involved in (62), it appears 
that the isothennal for superheated steam will fall within the 
hyperbola in compression, without it in' expansion. 

(d) Expansion at Constant Pressure. — ^The most impor- 
tant practical case with superheated steam is expansion at con- 
stant pressure — ^for where superheated steam is used in an engine, 
it is made by passing steam from the boiler over heated surfaces 
on its way to the engine. In (62), call the saturation-temperature 
r., and get 

p8=.6496r,-22.58|^, 

then subtracting this from the general form 

pv=.6496r-22.584/p 
we get 

p(v-») = .6496(r-re) or .6496(^-0. ... (63) 

So that in this action superheated steam behaves like a gas, 
the change of volume being proportional to the change of tempera- 
ture, for any particular pressure. Note that, if we use the value 
of 8 from the Table in (63), any difference between this 8 and that 
foimd by (62) will enter as an error into the value of v; but this 
error is practically negligible. 

(e) The Specific Heat of Superheated Steam in this expan- 
sion imder constant pressure is 0.48. In Fig. 23, for instance, 
the poimd of steam passes from 292.5° at S to 560.4° at H, or 
through 267.9°: the heat required is 267.9 X. 48 =128.6 H.U. 
To make 7.09 cu. ft. of saturated steam at 60 lbs., after the water 
had been heated up to 292.5°, took 908.2 H.U., or 128.1 H.U. 
per cu. ft. ; to add 2.91 cu. ft. to this volume by superheating to 
660.4° takes 128.6 H.U., or only 44.2 H.U. per cu. ft. The exter- 
nal work done per cu. ft. is the same in both parts of the opera- 
tion. For mechanical purposes it appears, then, that a good 
deal might be gained by superheating the steam. 
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§ 13. The Adiabatic Behavior of Steam. 

(a) For steam, as for any other expansive substance, the general 
law holds that in adiabatic expansion the external work is done 
at the expense of the heat-energy stored in the steam. For a mix- 
ture of steam and water, the ph)rsical changes accompanying the 
release of this heat depend upon the composition of the mixture. 
If the fraction of the water is small, some steam has to be condensed 
in order to yield up the necessary heat: but if the water-weight pre- 
ponderates, then the external work is relatively small, the heat set 
free by the drop in temperature of the water is more than enough 
to do this work, and a part of the water is consequently evapo- 
rated. 

(6) The exact equation of relation for the adiabatic expansion 
(or compression) of any mixture of steam and water is 

a+6x=ai+6iXi, (64) 

where a and h are adiabatic functions, given in the last two col- 
umns of the Steam-table. 

(c) Thp: Adiabatic Equation.— This is a rigidly rational 
formula, based on principles which will be more fully developed 
in Chapter VI. A condensed statement of these principles is as 
follows: 

When heat is imparted to a thermod)aiamic substance, in any 
process, a property called entropy is changed. Entropy may be 
defined as the summation of the ratio which each portion of heat 
bears to the absolute temperature at which it is imparted, or 



*-/t 



* (65) 



For the complete operation of steam-formation, entropy, like 
total heat, is estimated above 32° F. In the heating of the water 
from 32° to <, T varies; and we must perform the integration 



"'-n 



to get the entropy of the liquid. The function a is this N^, 
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In evaporation, T is constant/ and up to any degree x the entropy 
added is 

N,=Y' •' (^^ 

The entropy of complete evaporation, ^, is what 6 stands for. 

In an adiabatic operation, since no heat is imparted, there is no 
change in entropy. We have then only to equate the expressions 
for entropy at different temperatures, in order to get a relation 
by which the change in x, that is, the condensation or evaporation 
during the adiabatic process, can be found. 

(d) Entropy of the LiQxnD.— The following description of 
the method of calculating N^ is rather a digression, and can be 
omitted without breaking the continuity of the discussion. 

The exact formula for the specific heat of water — from which 
Eq. (58) was derived — is, according to Regnault, and substituting 
(r-492) for a-32), 

c= 1 -f .000,02222(r-492) + .000,000,2778(7-492)'. (67) 

Now dq=cdT or cdt] then 

dq=dt-\- .000,02222(r-492)d^+ .000,000,2778(7-492) V^ 

+ 1.0000000] r 4. 00009992^ 



- .0109333 
+ .0672400 



^ dt 



f 



0563067 Y - .000251 1 Idt + .0000002778rdf ; 
^^=1.0563067 loge -^-.0002511(7-492) 

492 i 4^^ 

+ .0000001389(r»-492^. 

The first term we transform to common logs, multiplying by 
2.302585; in the last we get (7-492)' by addmg and subtracting 

.0000001389(2 X 4927 - 2 X 492») . 

Then the final formula is 

i\r|-2.43223 log ^-.00011444(7-492) 

+ .0000001389(7-492)1 (68) 
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An approximate formula, if we take c= 1, is 



iVx = loge^. 



(69) 



Eq. (68) was used in calculating the o-colimm in the Steam- 
table. 

(e) The Relation bettv^een Pressure and Volume is given 
only indirectly by Eq. (64). Starting with any pressure and 
volume, the latter depending upon x^ according to Pkj. (52), we 
find X for the new pressure, then work back through (52) to the 
new volume. Eq. (64) is to be used in the form 



x= 



a^+b^Xi—a 



(70) 




Ctt Ft. 5 ^ no 

Fio. 24. — ^AdiabaUc Steam-curves. 
A. Constant steam-weight. B. Exact adiabatic. C. Adiabatic by Eq. (71). 

Example 1. — Curve I. in Fig. 24 is drawn for steam initiaUy dry 
and saturated. The values at the starting-ix)int are: 

Pj - 160 lbs. abs. ; s, ^ 2.825 cu. ft. ; 

a;,-1.000; Vj=2.825; 



o^-.5211; 



6^ = 1.0408. 
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Suppose that we wish to find the volume of the pound of steam when 
expanded adiabatically to p"40 lbs. We get from the Table 



Then 



a-. 3933, 6-1.2743, 
.5211+1.0408- .3933 1.1686 



«- 10.367. 



= .9171 



and 



1.2743 1.2743 

V-.9171X 10.349+ .018=9.491+ .018 = 9.509 cu. ft. 



(/) Adiabatic Curves. — ^The ounces in Fig. 24 are given in 
order to show, graphically and quantitatively, the action of con- 
densation or evaporation during adiabatic expansion. The initial 
values of x are 1.00, .75, .50, .25, and .00: successive computed 
values are given in the table below: 





Table ISA. Values of x, 


Fig. 24. 




p 


I. 


IL 


in. 


IV. 


V. 


160 


1.00 


.76 


.50 


.25 


.00 


140 


.9910 


.7464 


.5018 


.2572 


.0126 


120 


.9808 


.7420 


.5034 


.2647 


.0261 


100 


.9693 


.7372 


.5051 


.2730 


.0409 


80 


.9658 


.7312 


.5067 


.2^21 


.0676 


60 


.9392 


.7236 


.50.0 


.2924 


.0768 


40 


.9170 


.7129 


.50S7 


.3045 


.1003 


26 


.£936 


.7009 


.5084 


.315S 


.1232 



The shaded spaces in the figure, between each adiabatic and 
the corresponding curve of constant steam-weight, show clearly 
the condensation with steam preponderating, the evaporation 
when the water-weight is greatest. It appears that for x a little 
greater than 0.5 the adiabatic would agree with the constant- 
weight curve — ^note the reversal of action shown by the last value 
in colunm III. 

(g) In Compression, these actions are all reversed in direc- 
tion: that is, there is evaporation when moderately wet steam is 
compressed, condensation when there is relatively only a little 
steam. If the operation begins with dry steam, or if steam with 
only a little moisture is dried by compression, then adiabatic 
compression of this dry steam will superheat it. 
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(A) An Approximate, Empirical Formula — due to Zeuner — 
for the adiabatic curve of saturated steam is got by adapting the 
equation 2W« = C, using a special index which varies with the 
initial steam-weight according to the rule 

n= 1.035+ O.lx (71) 

In order to show how nearly correct this formula is, results 
worked out by it are given in the table below, in comparison with 
those found by the method of Example 1 : these are for the con- 
ditions of curves I. and II. in Fig. 24. 

Table 13 B. Values of v, Fig. 24. 





L «- 


■ 1.00. 


II. X 


-.76 


p 


A. 


B. 


\ 


B. 


160 


2.825 


2.825 


2.123 


2.123 


140 


3.173 


3.177 


2.395 


2.394 


120 


3.630 


3.640 


2.751 


2.751 


100 


4.256 


4.275 


3.242 


3.243 


80 


5.17a 


5.203 


3.962 


3.964 


60 


6.657 


6.704 


5.133 


5 137 


40 


9.50S 


9.583 


7.399 


7.403 


25 


14.402 


14.499 


11.301 


11.305 



Here the A-colunms contain results got by (70) and (52); 
while those in the B-columns are from (71). For the smaller 
values of z used in Fig. 24, the curve of Eq. (71) departs rapidly 
from the true adiabatic: these curves are drawn in, from 80 lbs. 
down to 25 lbs., in the dotted line marked C. It appears that 
the effective range of Eq. (71) does not extend below x=0.65. 

Example 2. — Find v by (71) for curve II. at 60 lbs. pressure. 



-.(f)- 


p, = 160 
p=60 
8, = 2.825 


x, = .75 
», = 2.123 
n=1.110 


log p, -2.20412 


log log ^-9.62938 


log (?!)i- 0.38376 


log p =1.77815 


logn=0.04532 
5 log (?-')^= 9.58406 


log »,- 0.32696 


log ^=0.42597 lot 
»= 5.137 


log V -0.71071 
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(i) Use of Table II. — ^In comparison with the exact method, 
with a and h worked out and tabulated, this method is at a decided 
disadvantage as to ease of computation. The results are, however, 
quite accurate enough for graphical work, and the values entered 
in Table II. can be used to good effect when an adiabatic ciuve 
is to be drawn on a steam diagram — ^following the method ex- 
plained in § 7 0"), under Fig. 19. 

(/) The Adiabatic Equation for Superheated Steam is 
similar to that for air, but A; has the value 1.333 instead of 1.406, 
ro that 

pv^'^^C (72) 

(fc) External Work. — ^As stated in (a), the external work in 
adiabatic expansion is done at the expense of the internal heat- 
energy of the steam.* This internal eneiigy does not include the 
heat used in the external work of evaporation: so that whereas 
the total heat above 32®, for any condition x, is 0=g+aT, the 
internal energy is 

I^q+xl. ........ (73) 

Now .for any two points on an adiabatic ciure, we have 

then the heat lost, or external work done, is 

ill7-gi+XiZi-ga-x^, (74) 

§ 14. The Camot Cycle with Steam. 

(a) Assuming the same conditions of working as those of the 
ideal air-engine in § 8, and using a cycle with the same set of opera- 
tions, we have for the ideal steam-engine the action illustrated 
in Fig. 25. Starting at 1, there is in the cylinder 1 lb. of water 
at the temperature t^ and pressure pji and isothermal expansion, 
at constant pressure, to complete evaporation at 2, constitutes 
the first phase. Then follows adiabatic expansion to the lower 
limit of pressure and temperature at 3, completing the out-stroke. 
On the return-stroke, we have first isothermal compression, with 
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rapid rejection of heat, then adiabatic compression, along 41, to 
the original state. 

(6) Universality op the Carnot Cycle. — ^It is a general 
principle of thermod)mamics that, since no peculiar properties of 
the working-medium are involved in the expression for the effi- 
ciency of an engine with the Camot cyclCi therefore this efficiency 




'CuTt 



■5 • • ■ • fo ' ' ' • fc ' ' 

Fig. 26.— The Ideal Steam-cycle. 



is independent of the medium used. Then with steam, as with air, 
the limit of efficiency is 



B« 






or 






(75) 



And since the heat received during Phase I. is fj, the useful 
work of the cycle, per pound of steam and expressed in heat-units. 



IS 



AU=Er,. 



(76) 



It would be very difficult, if not impossible, to develop an 
algebraic proof for the ideal efficiency from the form of the steam- 
cycle, because the adiabatic relations are of such complex form. 
But the general principle that the effective output is not depend- 
ent upon the medium can, perhaps, be made to appear more con- 
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vincing by the working out of a particular case, with numerical 
values. 

(c) NxmERiCAL Determinations for a Particulab Case. — 
The primary conditions in Fig. 25 are: 

Pi=P»=90 lbs. per sq. in.; 
p,=p,- 15 " " " ". 

We will use the subscripts 1, 2, 3, 4, on the p's, t/s, and z's, 
to correspond with the points 1, 2, 3, 4. But on all the heat sym- 
bols, sub 1 will refer to the upper isothermal and sub 2 to the lower. 
The values taken from the table are: 



«,= 320.0° 
g,=291.2 
Z,= 807.9 
o=. 46535 
a, =4.845 

Get the volumes first 



r, = 780.0° 
r,= 888.4 

6,= 1.1389 
«i= 4.827 



t,= 213.0° 
g,= 181.9 
I, =892.7 
a,= .31479 
«,= 26.07 



r,= 673.0° 
r,= 965.0 

6,= 1.4339 
ti,=26.053 



j,=0; 
Vi=u),=.018; 



x,= 1.00; 
v,=«,=4.845; 



a.+b.-a, _ 1.2895_ 
*•" b, 1.4339"-^^'*' 

t),=x,8,= .8993X26.07=23.445, 

or, more exactly, 

"s = a;sW»+ Wj = .8993 X 26.053+ .017 
=23.430+ .017 =23.447; 

whence it appears that this refinement is entirely superfluous here^ 
where x is nearly 1. 
Again^ 

a,-a, _ . 15056 _ 

'* b, 1.4339"-^"^' 

Vt=XtUj+Wi=2.73Q+ .017=2.763, 



or 



«a;«8,= 2.737. 



Here, of course, the exact method is necessary. 
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(d) Heat Quantities. — ^Next, determine the heat-quantities 
at the critical points: 

At 1, the internal heat and the total heat in the water are the 
same, so that 

Q^=/^=g^=291.2H.U. 

At 2, the total heat is 

Oa=9i+rx=1179.6, 

while the internal heat is 

^2=9i+^ = 1099.1. 



At 3, 
At 4, 



08=^2+2^3=181.9+867.8=1049.7; 
/|=92+ 2^3^2=181.9+802.8=984.7. 

04=52+2:4r3= 181.9+ 101.1 =283.0; 
/4=^2+2^A= 181.9+ 93.7=275.6. 



The heat received in Phase I. is 

02-0i=^i=888.4H.U. 

The heat rejected in Phase III. is 

Q,-Q,= 1049.7-283.0=766.7 H.U.* 
Now 

^•^-11585 

and 

?Li=I§9- 11585 
r, 673"^-^^^- 

Whence we see that the two heat-quantities bear to each other 
the proper relation. Further, the heat transformed into useful 
work is 

Al7=888.4-766.7= 121.7 H.U. 

(e) Effective Work of Cycle. — ^We will now work out from 
the figure a value for the effective work, to see how closely it will 
agree with the 121.7 H.U. just foimd. 
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In Phase I., the positive external work, reduced to heat-units, is 

144pi(v,-Vi) 144X90 X4.827 ^., 

778 778 

In Phase III., the negative work is 

144p,(t),-t;,) 144X15X20.692 ...- 

==7; = ' ==7^ - = 0/.40. 

778 778 

In Phase II., the heat transformed into external work is 

7,-7,= 1099.1-984.7=114.4. 

And in Phase IV., the external work transformed into heat is 

7^-74=291.2-275.6-15.6. 

Combining these four quAntities, we get: 

I. + 80.4 III. -57.5 

n. +114.4 IV. -15.6 



+ 194.8 -72.1 

- 72.1 



+ 121.7 

Note that the relation between the two adiabatic works in this 
case is entirely different from that which holds with a perfect gas; 
and further that with a steam-isothermal, the heat imparted does 
not all go to do external work. 

(/) Comparison of Steam with Air as a Medium. — ^A very- 
important feature of the operation shown in Fig. 25 — as com- 
pared with that in Fig. 20 — ^which constitutes the tremendous 
practical advantage of the steam-engine over the hot-air engine as a 
machine, is the much greater mechanical intensity of the operation. 
In the case just analyzed, the piston-displacement per pound of 
steam is 23.25 cu. ft., and the effective work is 121.7 H.U. or 94,683 
F.P.: this gives 5.234 H.U. or 4072 F.P. per cu. ft., against only 
840 F.P. for Fig. 20, as found in Example 2, § 8. Of course, the 
steam-engine has generally a comparatively small range of tem- 
perature: the ideal efficiency is only .137 for the case discussed 
above. 
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§ 15* The Cycle of the Actual Steam-engine. 

(a) The cycle of operations in the actual steam-enf ine diflfers 
very materially from the ideal action which we have been discussing. 
First of all, and very essentially, the several functions of heat- 
impartation, work-performance, and heat-rejection are separated 
and removed from each other, being assigned to the boiler, engine, 
and condenser respectively. We have to consider, then, the work- 
ing of the whole steam-plant, of which the engine proper is only 
one element. 

(b) Adiabatic Compression Omitted. — For the actual plant, 
the logical place for beginning the discussion is with the feed- 
water: and we note at once that Phase IV. of the ideal cycle is 
entirely omitted in the actual engine. That is, the operation 
wherein, after most of the used steam has been condensed, the 
remainder together with the water formed by condensation is com- 
pressed adiabatically and brought to the pressure and tempera- 
ture of the starting-point, has no counterpart in the steam-plant. 
The exhaust steam is all condensed, either in a condenser or by 
the atmosphere: and the best that the engine can do is to secure 
that the feed-water shall have the temperature of the exhaust 
steam. A separate apparatus — ^usually the feed-pump — takes the 
function of forcing the water into the boiler: this closes the cycle, 
which so far as the engine alone is concerned is an open one. The 
operation of "compression" in the engine, whereby a portion of 
steam is compressed into and partly fills the clearance-space, has 
no relation to Phase IV. It belongs to the mechanical action of 
the steam in the cylinder, and has only a secondary effect in a 
thermodynamic sense. 

(c) The Operation of Heat Impartation begins therefore 
with water at ^ instead of at ^j, including both heating and evapora- 
tion: but after the water has been raised to t^f then the operation 
is practically isothermal. Departures from this condition are 
due only to variations in pressure caused by imperfect regulation 
of the rate of steam-generation, and to the minor fluctuations on 
account of intermittent admission of steam into the cylinder. 
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As pointed out in § 9 (c), the steam, rising from the surface of 
the water in the boiler, has to keep pushing some other steam 
ahead of it till it gets to the cylinder, where the external work of 
evaporation is really done upon the piston, in the form of pressure 
acting upon a moving part of the confining surface. 

(d) Adiabatic Expansion Impossible. — But when the steam 
gets to the engine, it encounters, not cylinder-walls that are non- 
conducting and non-absorbent, or that are at its own tempera- 
ture, but metal walls that have been considerably cooled by con- 
tact with the exhaust steam. During the admission period, then, 
a part of the steam is condensed, its heat going into the surfaces of 
the cylinder and piston: it therefore loses volume, one pound 
filling only the space AB, instead of Al, in Fig. 26. 




Fig. 26.— The Steam-engine Cycle. 



(e) Thermal Action of the Cylinder-walls. — After the 
steam gets into the cylinder and communication with the steam- 
pipe is cut off, an expansion takes place which is far from being 
adiabatic. As the wet steam drops in pressure, its temperature 
falls too; the flow of heat from steam to metal, which has been 
rapidly diminishing during the latter part of the admission period, 
presently reverses; and during the rest of the expansion and all 
of the exhaust period, heat is passing from the metal to the steam. 
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Upon the expansion this has the effect, that instead of some steam 
being condensed to furnish heat for external work, as under adia- 
batic conditions, there is so much heat supplied by the cylinder- 
walls and by the hot water present in the cylinder, that usually 
there is some evaporation. The expansion line BC rises above the 
curve of constant steam-weight, approximating the. equilateral 
hyperbola: and we have the very important and useful conclusion, 
from experience, that for many purposes — especially for the pre- 
liminary laying out of steam diagrams — the working fluid in the 
steam-engine may be taken to follow the law pv=C in its expan- 
sion and compression. Of course, this simple working is the 
result of very complex actions and reactions; which can be deter- 
mined, more or less completely, only by «tctual tests of the engine. 

(/) Incomplete Expansion. — Chiefly for mechanical reasons, 
the expansion is not usually complete: that is, it is stopped at 
some point C, before the exhaust pressure is reached; and, by the 
opening of the valve, the pressure is allowed to drop from C to D 
before the piston begins its return stroke. But this steam re- 
leased from C to D immediately falls to the exhaust pressure, so 
that very nearly the whole operation of heat-abstraction is iso- 
thermal at the lower limit. We have then that the actual cycle 
agrees closely with the ideal in two of its phases, but departs 
widely from it in the other two. 

(g) Before taking up the discussion of the actual working of 
the steam in the engine, we will develop, and reduce to numerical 
values, the expression for its limit of effective performance, as set 
forth in Fig. 26. 

§ i6. The Limit of Performance of the Engine with 
Saturated Steam. 

(a) With the Carnot cycle, the heat received per pound of steam 

Q=r„ (77) 

and the effective work done, represented by the area A124A in 
Fig. 26, is 

AU=-^'r, (78) 
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But the cycle which really forms the limit of the actual steam- 
engine is that whose outline is A12EA in Fig. 26. Here the heat 
imparted includes the raising of the water from ^ to ^i, so that its 
amount is 

Q'=<?|-g2+ri or H^-q^ (79) 

The corresponding work-output can be found by calculating 
the work-equivalent of the area A4EA, and adding it to f/ from 
(78). The method of doing this can best be shown by an example. 

(6) Calculation for Table 16 A. Let Pi=240 lbs., 'h^l^ 
lbs.; then from the Table we get 



(i=397.3^ ^1=857.3^ 
gi=371.2 ri=831.9 

ai=.5633 



^,=213° r,=673^ 

^3= 181.9 Z,=892.7 

a,= .3148 6,= 1.4339 
«j=26.07 

For convenience, we shall refer to the Camot cycle as Cycle A, 
and to the cycle without adiabatic compression as Cycle B. 
Now for Cycle A, 

^ T, 857:3-^^^' 

A£7=£ri=.2150X831.9=178.84. 

For Cycle B, we first find 

_ai-a,^ .2485 _ 
^*" 6, 11339 '^^^' 

Now the internal energy at 4 is 

A=92+a;,Z,=181.9+. 1733X892.7 
= 181.9+154.7 = 336.6 H.U. 

At A the internal energy is gj, so that the external work of 
Phase IV., the area A4G0A, is 

gi-93-a:4Z,=371.2-336.6=34.6 H.U. 

Of this, however, only the part A4EA is to be added to At/ 
above. To get E4G0, we have 

v^=xA=. 1733X26.07 =4.519 cu. ft.; 
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Fig. 27. — Limit Curves for Non-condensing Engines. 
See page 84. 
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Table 16 A. Limit Values for Non-Condensing Engines. 





Heat Imparted. 


Heat CoDTerted, 


Absolute 


Pounds of Steam 


Boiler- 
preasure. 
Lbs. AU. 


B.T.U. 


per Lb. 


B.T.U. 


per Lb. 




perH.P 


. Hour. 


Pi 


Q 


Q' 


AU 


AV 


E 


F 


S 


S' 


60 


916.6 


986.7 


84.0 


87.6 


.092 


.089 


30.30 


29.10 


60 


908.2 


989.3 


96.0 


100.6 


.106 


.102 


26.63 


25.31 


70 


900.9 


992.4 


106.0 


111.7 


.118 


.113 


24.02 


22.78 


80 


894.3 


995.1 


114.6 


121.4 


.128 


.122 


22.23 


20.97 


90 


888.4 


997.7 


121.9 


129.9 


.137 


.130 


20.90 


19.60 


100 


882.9 


999.9 


128.6 


137.6 


.146 


.137 


19.81 


18.61 


110 


877.9 


1002.1 


134.3 


144.4 


.163 


.144 


18.96 


17.63 


120 


873.2 


1004.0 


139.6 


160.8 


.160 


.160 


18.24 


16.88 


130 


868.7 


1006.8 


144.3 


166.6 


.166 


.166 


17.64 


16.26 


140 


864.6 


1007.6 


148.7 


162.0 


.172 


.161 


17.12 


15.71 


150 


860.6 


1009.3 


162.7 


167.0 


.177 


.166 


16.68 


16.25 


160 


866.9 


1010.8 


166.4 


171.6 


.182 


.170 


16.28 


14.84 


170 


863.3 


1012.3 


169.9 


176.0 


.187 


.174 


16.92 


14.46 


180 


849.9 


1013.8 


163.1 


180.2 


.192 


.178 


16.60 


14.12 


190 


846.6 


1016.1 


166.1 


184.1 


.196 


.181 


16.32 


13.82 


200 


843.4 


1016.4 


168.9 


187.8 


.200 


.186 


16.07 


13.56 


210 


840.4 


1017.7 


171.6 


191.3 


.204 


.188 


14.84 


13.30 


220 


837.4 


1018.9 


174.1 


194.7 


.208 


.191 


14.63 


13.07 


230 


834.6 


1020.1 


176.6 


197.9 


.212 


.194 


14.43 


12.86 


240 


831.9 


1021.2 


178.8 


201.0 


.216 


.197 


14.24 


12.66 


260 


829.1 


1022.3 


181.0 


204.0 


.218 


.200 


14.06 


12.48 



then 



144p,r, 144X15X4.519 

""778"- 778 - 12.54 H.U. 



Subtracting this 12.54 from the 34.60 just found, we have 
22.06 H.U. to be added to AU; then for this cycle, 

AC/' = 178.84+22.06=200.9 H.U.* 

Now the heat imparted in this second case is, 

^=^+91-^2= 1203.1 -181.9= 1021.2 H.U. 



* A simpler way of getting AU' la given in § 24 (6). 
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Fia. 28.— Limit Curves for Condensing Engmee. 
See page 84. 
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Table 16 B. Limit Values for Condensing Engines. 





Heat Imparted, 


Heat roDTerted, 


Absolute 


Pounds of Steam 


Boner- 


B T.U. per Lb. 


B.T.U. per Lb. 


BffloieDcj. 


perH.F 


. Hour. 


fErXS: 














Pi 


Q 


Q' 


AU 


Air 


E 


ET 


8 


S' 


50 


916.6 


1074.4 


192.6 


210.5 


.210 


.196 


13.21 


12.09 


60 


90^.2 


1078.0 


202.1 


222.6 


.223 


.206 


12.59 


11.43 


70 


900.9 


10^1.1 


209.9 


232.7 


.233 


.215 


12.13 


10.93 


80 


^94.3 


10?3.8 


216.5 


241.5 


.242 


.223 


11.76 


10.54 


90 


888.4 


10S6.4 


222.1 


249.3 


.250 


.229 


11.46 


10.21 


100 


882.9 


10iJ8.6 


227.1 


256.3 


.257 


.235 


11.21 


9.94 


110 


877.9 


1090.8 


231.5 


262.6 


.263 


.240 


11.00 


9.69 


120 


873.2 


1092.7 


235.5 


26S.2 


.269 


.245 


10.81 


9.49 


130 


868.7 


1094.6 


239.1 


273.5 


.275 


.250 


10.65 


9.31 


140 


864.6 


1096.3 


242.3 


278.4 


.2^0 


.254 


10.50 


9.14 


150 


860.6 


1093.0 


245.2 


2S3.0 


.2S5 


.258 


10.38 


8.99 


160 


856.9 


1099.5 


248.0 


25^7.2 


.289 


.261 


10.26 


8.86 


170 


853.3 


1101.0 


250.6 


291.2 


.294 


.265 


10.16 


8.74 


180 


849.9 


1102. 5 


253.0 


295.0 


.298 


.26S 


10.06 


8.63 


190 


846.6 


1103.8 


255.2 


29S.6 


.301 


.271 


9.97 


8.52 


200 


843.4 


1105.1 


257.2 


302.0 


.305 


.273 


9.90 


8.43 


210 


840.4 


1106.4 


259.1 


305.3 


.308 


.276 


9.82 


8.34 


220 


837.4 


1107.6 


260.9 


308.4 


.312 


.278 


9.75 


8.25 


230 


834.6 


1108.8 


262.6 


311.5 


.315 


.281 


9.69 


8.17 


240 


831.9 


1109.9 


264.2 


314.1 


:318 


.283 


9.63 


8.10 


250 


829.1 


1111.0 


265.7 


316.8 


.321 


.285 


9. 58 


8.03 



The efficiency is therefore 



200.9 
1021.2 



^.1966. 



Last of all, the number of pounds of steam required per H.P. 
hour is, for the two cases — one H.P.H.=2545 H.U. — 



2545 



= 14.23, 5' 



2545 



= 12.66. 



178.8 "' ^ 200.9 

But while the less efficient operation uses fewer pounds of 
steam per H.P.H., it of course requires more heat, the respective 
amounts being 

SQ =11,834 H.U. for Cycle A, 

5V= 12,925 H.U. for Cycle B. 
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(c) In Figs. 27 and 28 and in the Accompanying Tables^ 
16 A and 16 B, results similar to those just worked out are given 
for the whole range of practice and for the two classes into which 
engines are divided as to their lower limit of working — that is, for 
non-condensing and for condensing engines. The respective lower 
limits are: 

For non-condensing engines, 

Po= 15 lbs. abs., ^=213^ F. 

For condensing engines, 

Po == 1 .94 lbs. abs., t^ = 125^ F. 

While the condenser can be, and usually is, at a lower tempera- 
ture than 125°, it is not possible to realize the full vacuum due to 
the steam temperature, because a small amount of air is always 
present. The assumed figures represent about the best attainable 
conditions in each case. 

As to the change in subscript, we shall hereafter use sub 2 for 
the conditions at the end of expansion, at C in Fig. 26; then sub 
will denote the exhaust conditions. 

(d) In the Curves and Tables, the several quantities repre- 
sented or given are: 

Q=the heat imparted. 
AU= the heat converted into effective work. 
^=the absolute efficiency, or the ratio of AC/ to Q. 
5= the number of pounds of steam required per H.P. hour. 

The first two are, of course, per pound of steam. 

The plain symbols and the dotted curves refer to the Camot 
cycle. Cycle A. 

The primed symbols and the full-line curves refer to the cycle 
without adiabatic compression. Cycle B. 

The method of computing all these quantities is set forth in 
the example worked out in (6). 

These tables form a standard of comparison, by which the 
performance of engines may be judged, and will frequently be 
referred to. 
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(e) Work-value of Adiabatic Compression. — A noticeable 
fact here shown is the considerable eflfective work-value of the 
adiabatic compression — ^which in the last case in Table 16 B rises 
to 51.1 H.U. Compare with this the work of forcing the feed- 
water into the boiler, found as follows: 

At 125® F., 1 cu. ft. of water weighs 61.7 lbs., and the volume 
of 1 lb. is .0162 cu. ft. Including the drawing of the water from 
the condenser, and neglecting the small positive pressure in the 
latter, we assume that this volume must be displaced against the 
full pressure of 250 lbs. per sq. in. The work required is 

£7= 144 X 250 X. 0162 = 584 F.P., 

equivalent to .750 H.U. 

It appears that this latter quantity is relatively insignificant. 



§ 17. The Ideal Steam Diagram. 

(a) The Modifications which the ideal Camot cycle under- 
goes when subjected to the conditions of actual working in the 
steam-engine, as brought out in connection with Fig. 26, are three: 

1. The expansion is changed in character by the thermal 
action of the cylinder-walls. 

2. The expansion is stopped before the lower pressure-limit 
is reached, or is incomplete. 

3. The adiabatic compression of the whole "charge "of working 
substance is entirely omitted. 

As the result of these changes, the ideal steam diagram, with 
which the actual diagram made by the indicator is to be compared, 
takes the form ABCDE, drawn first in Fig. 26 and reproduced in 
Fig. 29: in which the expansion curve BC is of the form [pv = C]. 
This diagram is, of course, based on the entire absence of clearance- 
space in the cylinder, and on ideally perfect action of the valve. 

(6) The Determining Dimensions of this diagram are: 

1. The initial pressure and volume, p^ and v^, at the point B, 
where expansion begins. 

2. The final volume v,^ or the ratio of expansion, r^v^-^v^. 
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3. The back-pressure during the return-stroke, Po- 

The effective work represented by the diagram is found as 

follows: 

The work of the full-pressure expansion, from A to B, or the 

work during admission — the area ABGO — ^is 

J7i=144pii;j. 




"1 — I — I — I — I — r-+ 
Fig. 29.— The Ideal Steam Diagram. 

The work of the expansion in the cylinder, from B to C, area 
BCFG, is 

t72=144pii;iloger. 

Then the total or gross work, area ABCFO, is 

C/T=144p,i;,(l+loger) (80) 

The negative work in the return-stroke, area DEOF, is 

t7B=144pot'3=144pon;i (81) 

Now the net or eflfective work, area ABODE, is 

I7=144r,[pi(l + loger)-por] (82) 
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(c) Specific Volume at Cut-ofp. — Continuing to use the sys- 
tem of measuring the work-performance of one unit's weight of 
the medium, we have that the initial volume v^ becomes determi- 
nate when we know the amount of the cylinder-condensation at 
cut-oflf. In Fig. 29, AM is the volume of 1 lb. of dry saturated 
steam; then 

fHi-BM-i-AM . (83) 

is the fraction of condensation; and its complement 

Xi=AB-5-AM-l-mi 

determines v^ through the relation 

Vi^x,8^ (84) 

The value of m can be determined by an engine test in which the 
weight of steam used is foimd by actual measurement, and com- 
pared with the steam shown by the diagram: and may be pretty 
closely estimated from the results of tests previously made under 
similar conditions and recorded. 

(d) The Limit of Expansion.— The proper terminal pressure 
p, — from which, in connection with the known or assumed charac- 
ter of the expansion curve, the ratio of expansion is derived — is 
determined by considerations which are also illustrated in Fig. 29: 

Suppose fdl the f rictional resistances in the engine to be reduced 
to an equivalent pressure on the piston, measured in the same 
terms as the steam-pressure p, and represented by the extra height 
EJ added to the back-pressure in Fig. 29 — ^where JE is made just 
equal to CD. Now if the piston travelled beyond CF, to KL, 
the work done upon it by the steam during this out-stroke would 
be given by the area CHLF; and during the return-stroke, from L 
to F, the engine would have to do, in overcoming back-pressure 
plus friction, the work KCFL. The result would be a net loss of 
work represented by the area KCH. 

The conclusion is obvious. 

(e) Mean Pressures of the Ideal Diagram. — Since the work 
done in the cylinder is usually measured in terms of the whole 
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piston-displacement Vj, rather than the cut-oflf volume Vj, Eq. (82) 
is frequently more convenient if changed into the form 

U^li^SpP^^^-'Pol (85) 

The expression pj ^^ gives the mean total pressure dur- 
ing the forward-stroke, or the mean height of the figure ABCFO; 
calling this pmo ^^^ letting pm represent the mean effective pres- 
sure, we have 

Pin=Pmo-Po (86) 

Then (85) becomes 

U==lUpn,v^ (87) 

Values of the ratio 

Pmo^ l + loger .gg. 

Pi ^ 

are given in Table I. 

(/) We have now established the fundamental principles on 
which all discussion of the thermodynamic performance of the steam- 
plant is based: and are ready to take up the consideration of the 
actual behavior of the steam in the cylinder, which forms the subject 
of the next chapter. 

Example. — In Fig. 29, with Pj = 90 lbs. abs., we take m to be .20 
and get 

Vj-Xj5j«. SOX 4.845=3.876 cu. ft., 
also 

U, - 144X 90X 3.876=50,233 F.P. 

Further, r is taken to be 4, then 

C/,-50,233X 1.3863=69,637 F.P. 
and 

C/t-50,233+ 69,637= 119,870 F.P. 

Nowv,-3.876X 4=15.504,' and Po'"* 15; then 

1/B-144X 15X 15.504=33,488 F.P. 
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Finally, 

17- 119,870- 33,488-86,382 F.P. 

The mean total pressure is 

Pino"C'T-i-144v, 

-119,870+2233-53.69 lbs. per sq. in. 

And the mean effective pressure is 

Pm" 53.69 -15- 38.69 lbs. per sq. in. 

Working out the ratio of pmo to p^ directly from log« r, we have 

(1+1.3863) +4-.5966; 

and multiplying by Pj, we get 

Pnit-90X .5966-53.69 lbs. per sq. in. 

« 
From this we can compute the effective work through (86) and (87), 
the whole operation being much shorter and easier than that used 
above. 



CHAPTER IV. 
THE ACTION OF THE STEAM IN THE ENGINE. 

§ i8. The Indicator Diagram. 

(a) Comparison op Actual with Ideal Diagram. — The par- 
ticulars in which the actual steam diagram differs from the ideal 
form given in Fig. 29 are shown in Fig. 30, where the indicator 
diagram ABCDEF represents the behavior of the steam in the 
cylinder, and is to bS compared with the circumscribed ideal 
diagram GHLQT, or more properly JHLQP. This indicator 
diagram is characteristic of the type of engine described in § 2; 
that is, of the high-speed, non-condensing engine with laige clear- 
ance and with the steam-distribution controlled by a single slide- 
valve, so that high compression is unavoidable with early cut-off — 
a class which includes also the ordinary simple locomotive. This 
type is here selected for illustrative purposes because the modifi- 
cations in the form of the diagram, caused by mechanical actions, 
are especially marked. Our present point of view is the acceptance 
of the diagram as an accomplished fact, considering in general 
terms the conditions which produce certain effects, but postponing 
the intimate analysis of these conditions until the correlative 
subjects, such as the thermal action of the cylinder-walls and the 
working of the valve-gear, are taken up in detail. 

The diagram in Fig. 30, while modelled on that given by the 
indicator, is not a true indicator diagram; the latter has certain 
peculiarities, due to the instrument itself, which are better left 
out for present purposes. Further, the curves of expansion and 
compression are here exact hyperbolas. 

(6) Reference Lines. — In Fig. 30, the following reference 

or auxiliary Unes are drawn: 

90 
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THE INDICATOR DIAGRAM. 
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The vacuum-line ON is parallel to the atmosphere-line PQ, at 
the distance 14.7 lbs. per sq. in., to scale, below it. 

The end-lines GM and KN touch the diagram, marking off the 
length MN which represents the stroke of the piston, or, to a suit- 
able scale, the volume displaced by the piston in one stroke, also 
called the nominal cylinder-volume. 

The distance MO is measured off to represent the clearance- 
volume to this same scale, and the clearance-line or pressure-axis 
OJ is drawn. 

The boiler-pressure line JK is at the proper distance above PQ. 

Finally, the expansion-curve is produced upward to meet the 
line of boiler-pressure at H, and downward to the end-line at L. 




(c) Admission. — Starting at A, we note first that the highest 
pressure in the cylinder is below the l)oiler-pressure. Most of this 
loss is due to the resistances which the steam-pipe and the valves 
in it offer to the current of steam; though a part of the drop may 
be caused by the engine-valve and the ports. 

As the piston advances and the valve begins to close, the 
pressure falls off. Complete closure, or mechanical cut-off, is 
marked by the point B where the convex admission-curve merges 
into the concave expansion-curve — or where the curvature reverses 
in direction. But expressed in terms of the amount of steam 
admitted, rather than by the position of the piston when the 
edge of the valve meets the edge of the port, the effective cut-off 
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is at H: the volume JH measures, at boiler-pressure, the total 
amount of steam present in the cylinder. 

On account of all the resistances which the steam has to over- 
come in getting to the engine, there is then a loss of possible 
effective work represented by the area GHBA. 

(d) Cut-off. — There are several ways of stating when the 
cut-off takes place : 

From the purely mechanical point of view, we have that the 
valve closes when the piston is at the distance RB along the stroke: 
that is, the ratio of apparent cut-off by the valve is 

^-=^ (««> 

But in order to have a ratio of volumes, we must include the 
clearance; the volmne back of the piston at cut-off is SB, while 
that at full stroke is ON. Then the real ratio of cut-oflf by the 
valve is 

CvB=^ . (90) 

All distances and volumes are expressed as fractions of the 
stroke or of the nominal cylinder-volume, represented by MN, 
which is taken as unity. If we let i stand for the clearance-frac- 
tion, or the ratio of OM to MN, the relation results, 

^-=^ (91) 

In the figure, Cva=.35 and t=.10; then CvR=.45-^1.10=.409. 

Finally, as the ratio of the initial volume of all the steam in 
the cylinder, when at boiler-pressure, to its final volmne when the 
stroke is completed, we have the effective real cut-oflf 

C«=^ (92) 

(c) Expansion. — Of the expansion-curve BC little need be 
said here: the conditions affecting its shape have been set forth in 
general terms in § 15 (e); in detail, they form a subject of very 
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considerable magnitude, the treatment of which will be found in 
Part II. It may be remarked that the curve is seldom a true 
hyperbola, either falling below or rising above that curve, according 
to the conditions of working in the particular case. 

(/) Release.— The port is opened for exhaust before the 
stroke is completed, and the pressure falls along the release-line CD 
as the steam is dischai^ed. In this case, about half the steam 
escapes from C to D, the rest from D to E. On account of this 
early release there is a loss of work represented by CLD. This loss 
is practically imavoidable, for if. the valve were kept closed till 
the end of the stroke it could not be opened rapidly enough to 
avoid the dotted release-curve. 

The same causes that produce a loss of pressure during admis- 
sion are responsible for the excess back-pressure, which lifts the 
exhaust-line DE above PQ, and deducts another small portion 
from the area of the ideal diagram. 

(g) Compression. — All the departures from the ideal diagram 
which we have so far considered are due simply to the difference 
between actual and ideal methods of handling the steam, or of 
getting it to and from the cylinder: that is, the steam must always 
lose some pressure in getting through the pipes and passages, and 
the valve cannot instantaneously open and close fully. But in 
the compression curve we encounter a change which is more funda- 
mental. The area JGFEP, taken from the gross area JHLQP as 
the result of clearance and compression, does not represent loss 
of mechanical energy in the same way as do AGHB, CLD, and 
DEQ. 



§ 19. Clearance and Compression. 

(a) Working Steam and Clearance Steam. — ^A clear under- 
standing of the effects of clearance and compression can be gained 
by thinking of the steam in the cylinder as made up of two parts — 
the live or working steam which enters the cylinder to do work 
and escapes after the work is done, and the dead or clearance 
steam which, as a certain quantity, remains in the cylinder indefi- 
nitely, alternately expanding and contracting as the pressure 
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changes. We can even imagine the latter body of steam to be 
separated from the working steam by a sort of light diaphragm, 
which will move back and forth in the cylinder like a loose auxiliary 
piston. When compression begins, at E in Fig. 31, this diaphragm 
is against the piston, and so remains up to F; then the piston 
stops, and the compression of the dead steam is continued along 
the curve FU by the fresh entering steam. 




VM 

Fio. 31. -^Mechanical Losses of Woric-effect. 

(6) Free Expansion. — In all our discussions of expansive 
action, up to the end of the last chapter, we have assumed that 
the condition stated in the definition of external work in § 7 (a) — 
namely, that the external pressure shall be always equal to the 
internal stress — ^has been perfectly fulfilled: in other words, that 
a condition of static equilibrium has existed throughout the whole 
body of working substance. But when, as during the supple- 
mentary' compression from F to U, steam flows through a con- 
tracted passage from a high-pressure chamber (the steam-chest) 
into one where the pressure is lower (the cylinder), there is a loss of 
effective work. The unbalanced part of the higher pressure 
accelerates the flow of the steam, acting against the inertia of the 
latter; so that ordinary pressure-work is transformed into kinetic 
energy of the swiftly moving current of steam. Then as the 
steam comes to rest in the cylinder, its velocity being dissipated 
in eddies, this mechanical, kinetic energy is transformed back 
into heat, from which form only a fraction can possibly be recon- 
verted through a subsequent thermodynamic operation. 



1 19 (c)] CLEARANCE AND COMPRESSION. 95 

(c) Kinetic Losses. — ^La this particular case, the part VM of 
the clearance-space is filled with new steam, while the dead steam 
fills the part OV. In filling MV, the whole external pressure-work 
AMVU is expended; but only the part MFUV, actually stored 
up by the compression of the clearance-steam, is ready to be given 
back in the form of pressure-work upon the piston during the 
expansion. Then the area AFU represents the loss of available 
energy caused by incomplete compression. 

The other losses shown by shaded areas in Fig. 31 are of this 
same character: the steam-pipe loss, GHKU, represents pressure 
that was used up in producing wasted velocities, either in the form 
of eddy-currents caused by the drag of the pipe-walls upon the 
steam-current, or of similar effects resulting from the passage of 
the steam aroimd bends or through contractions. Likewise, AKB, 
CLD, and DEQ represent work which might have been utilized 
against the main resistance of the engine, but which actually was 
expended in moving the steam. 

The whole subject of the kinetics of steam is fully discussed in 
the next chapter. 

(d) Expansion op the Clearance-steam. — ^Returning now 
to the main question of the effect of clearance and compression 
upon work-performance, we see that as soon as the pressure begins 
to fall, toward or after cut-off, the clearance-steam will expand 
with the working steam, following the curve UFE down to the 
lowest pressure: so that the effective volume of the active steam 
is to be measured, at any pressure, from this curve — or from the 
position of the imaginary diaphragm separating the two bodies 
of steam. Since this curve extends far to the right after it gets 
below the level of the release-point C, the result of this action is to 
diminish very considerably the amount of working expansion 
realized in the cylinder. 

(e) Expansion of the Working Steam.— This effect can 
best be shown by the method of Fig. 32, which is derived from 
Fig. 31, the reference-curve GFE being rectified and the volume- 
abscissas shifted horizontally to correspond. The performance 
of the clearance-steam is now shown by the curve JP, and can be 
left out of consideration: and the effective performance of the 
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working steam, freed from complications, is given by the dis- 
torted diagram ABCDEF. It appears that the true ratio of 
expansion is most fairly given by comparing the maximum volume 
RT with the initial volume GH. 

In Fig. 30, the apparent effective cut-oflf ratio, GH to MN, is 
0.25; the ratio of volumes, including clearance, JH to ON, is 0.318: 
but the true effective ratio, GH to RT in Fig. 32, is 0.354, or the 




N 

Fio. 32.— The Diagram of True Expansion. 



ratio of expansion is 2.82. It is merely a coincidence that this 
happens to agree with the apparent culroff by the valve, RB to MN 
in Fig. 30. 

This method of changing the shape of the diagram so as entirely 
to eliminate the clearance-steam is especially useful when the sev- 
eral indicator diagrams from a compound engine are to be com- 
bined; because the weights of dead steam in the successive cylin- 
ders are likely to be quite different. With the simple engine, 
however, after we have used the illustration in Fig. 32 to gain a 
clear idea of the steam-action, we can go back to the actual dia- 
gram and get from it all the information given by the derived 
diagram. 

That the curve HBL in Fig. 32 is a hyperbola referred to the 
axes OG and ON should be evident at sight; but a rigorous proof 
of this fact is as follows: 

In Fig. 31, let the equation of the curvT HBL be pv-=C, and 
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that of GFR be jn/^C; then for the difference of volumes we 
have 

p(v-i/)=-C-C', (93) 

and this difference is the abscissa in Fig. 32. 

(/) The Effective Ratio of Expansion.— Returning to the 
primary steam diagram, we have illustrated first in Fig. 33 a 
method of applying the criterion just developed for determining 
the true ratio of expansion. The compression-hyperbola EF is 
transferred bodily over to the position ST, where it is tangent to 
the release-curve CD — ^this transfer being most easUy made by 
means of a template of the cmrve. Then this curve is identical 
with the straight end-line ST of Fig. 32, all horizontal distances 
between it and the original cmrve EF being the same. The ratio 
of this distance ET to GH, which measures the volume of the work- 
ing steam at boiler-pressure, is the degree of expansion effectively 
realized. 

It might be considered better to locate the end-line ST in 
Fig. 32, or the curve ST in Fig. 33, in such a position that the area 
enclosed by this line, the expansion-curve produced, and the 
back-pressure line — a shape like the squared-off end of the ideal 
steam diagram of Fig. 29 — ^would be equal to the area of the rounded 
nose of the actual diagram. This would give a more exact measure 
of the effective expansion; and in most cases the curve could be 
located and sketched in by eye with accuracy sufficient for practical 
purposes. 

With the diagram fastened down on the drawing-board and 
the scale kept horizontal by the T-square, the maximum distance 
between the compression-curve FE and the release-curve CD can 
be measured by trial, without going to the trouble of drawing 
the curve ST. 

{g) The Most Advantageous Compression. — Fig. 33 illus- 
trates also a method of finding the amount of compression that will 
give the highest ratio of work done to steam used for a particular 
set of conditions. Having the clearance fixed, and assuming that 
the line ABCD is not changed by varying the compression, we draw 
a number of different compression-hyperbolas, covering the range 
from zero up to full compression — the latter term meaning, com- 
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pression up to the admission-pressure. Then for each case the 
work-area ABCDEFA is measured with a planimeter and the 
ratio foimd which it bears to the steam-volume at. boiler-pressure, 
GH. From the figure, as drawn, the following values were found : 



CaaeNo 


1 


2 


3 


^ 


5 


Work area, square inches. . . 

Steam vol., GH, inches 

Ratio 


16.05 
2.62 
6.75 


16.08 
2.77 
6.80 


16.96 
2.92 
5.81 


17.60 
3.07 
5.73 


17.86 
3.21 
5.56 







Laying off these ratio-values to scale from JP as a base-line, 
we get the curve IK; and it appears that the maximum of efficiency 
will be secured when the compression is about midway between 
curves 2 and 3 in the figure, rising to the height R. 

This graphical method is decidedly preferable to an attempt 
to get a general mathematical expression for the ratio of work 
done to steam used: such an expression would be very complicated, 
and could be made only approximate at best. 

It must be borne in mind that certain minor influences are 
here neglected. With any actual valve-gear, changing the time 
when compression begins will alsQ modify, more or less, the shape 
of the release-curve. Further, it is likely that the amount of 
cylinder-condensation will vary slightly with the compression, 
so that the steam used will not always be measured to quite the 
same scale by the intercept GH. But these influences will have 
only a secondary effect upon the shape of the curve IK. 

(h) General Considerations as to Clearance.— The two 
evils due to extreme conditions, between which a middle course 
must be chosen in order to get the best result, are as follows: 

Low compression leads to too great a loss due to filling the 
clearance-space, represented by the area between AF and GF in 
Fig. 33. 

Too high compression, by reducing the effective ratio of expan- 
sion, cuts away work-area at the other end of the diagram. It 
goes without saying that the compression should not be carried 
above the admission-pressure — ^which sometimes happens when 
the valve is not properly proportioned. 
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A little study of Fig. 33 will show that as the cut-off becomes 
earlier, and the release-pressure at C lower, the compression should 
be greater; but as C rises with late cut-off, the amount of com- 
pression should diminish. In the latter case not only does the 
greater height of C increase the loss of area due to a shortening 
of the effective length of the diagram by high compression; but, 
on the other hand, an absolute increase in the waste-area AFG may 
not signify a relative increase, when we consider the larger quantity 
of steam going through the cylinder per stroke at late cut-off. 




Fig. 33.— The Effect of Compression. 

With the general statement that the single slide-valve gives 
just this desired compensating effect, increasing the compression 
as the cut-off is made earlier, we will drop this matter until the 
subject of valve-action is taken up. 

(i) Measuring the Clearance. — The clearance-volume in 
any engine can either be calculated from measured dimensions 
or found by an experimental method which consists in filling the 
space with water and measuring the amount required. It can 
also be estimated from the diagram, on the assumption that the 
compression-curve is an equilateral hyperbola. One way is to 
reverse the construction given in Fig. 14, choosing two points 
A and B on the curve as in Fig. 34 I., drawing the rectangle ACBD, 
and finding where the diagonal CD cuts the vacuum-line. A prop- 
erty of the hyperbola which gives a rather more convenient method 
is, that if a secant line EBAF be drawn across the curve and its 
axes, the intercepts BE and AF will be equal. 
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The application of the first construction to an actual indicator 
diagram — ^taken from Fig. 37 — ^is illustrated in Fig. 34 II.: it 
appears that the determination is not very definite, so that it 
must be supplemented by a knowledge of probable proportions 
and by the use of good judgment. Referring to Fig. 37, we see 





Fia. 34. — ConstructionB for Clearanoe. 

that the true hyperbola drawn from the origin here found agrees 
quite well with the compression-curve. 

The construction for clearance might be applied to the expan- 
sion-curve, as shown at I. : but it is evident that, the farther the 
rectangle GH is from the origin, the greater will be the effect of a 
given deflection of the radial KL; so that, aside from any question 
as to the character of the curves, it is better to use that which is 
nearer the axes. 

As to the value of the clearance-fraction, the statement that 
for engines of the Corliss type it ranges from .02 to .06, while in 
high-speed, slide-valve engines the range is from .06 to .12, is well 
justified by practice: in some extreme cases the clearance is as 
much as 20 per cent, of the nominal cylinder-volume. 



§ 20. Work Done and Steam Used. 

(a) Mean Effective Pressure. — In determining by means of 
the indicator diagram the work done or the power developed by 
the steam in the engine, we do not use the diagram as a direct 
measure of work, through a work-scale like that illustrated in 
Fig. 18; but follow rather the simpler process suggested by Eq. (86). 
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Considering the diagram in Fig. 35, we have that during the for- 
ward stroke, from M to N, the steam does upon the piston an 
amoimt of work represented by the area ABCDNM; reducing 
this figure to an equivalent rectangle, we get the mean total pres- 
sure pmf or GM. Similarly, during the return stroke, the work 
done upon the steam by the piston is DEFMN, and the corre- 
sponding mean back-pressure is p^b or MK. Then the mean 




M ~ N 

Fia. 35.— Qroas and Effective WoriL 



effective pressure, or the mean intercepted ordinate of the figure 
ABCDEF, is GK, or 

Pm = Pmf-Pmb (94) 

In practice, we do not derive the M.E.P. from p^f and pnib> but 
find it directly by measuring the area of the enclosed diagram, 
dividing by the length so as to get the mean height, then multiply- 
ing this mean height by the pressure-scale. 

(6) Work per Revolution. — ^Although p^ actually repre- 
sents the difference between the two quantities of work done 
upon the piston in the two strokes which make up one revolution 
(one work is positive, the other negative), we treat it as if it were 
simply an imbalanced pressure acting upon the piston through 
the forward stroke. Then if A is the area of the piston in square 
inches and & the length of the stroke in inches, we have for the 
work done in one end of the cylinder per revolution 



t;-ftn4^|F.P. 



(95) 
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In the other end of the cylinder there is done a similar amount 
of effective work, but generally not quite the same : how nearly alike 
the two M.E.P/S will be depends upon valve-action, and they 
may be very different if the valve-gear is in bad adjustment: 
further, the area of the piston is reduced on one side by the cross- 
section of the piston-rod, so that generally the two A's are not 
the same. In any case, the sum of the two separate J7's gives 
the total work per revolution. 

Note that the use of the ordinary M.E.P. does not give the 
work per stroke: to get this, we should have to subtract from the 
forward-pressure work on one face of the piston the simultaneous 
back-pressure work on the other face. But while the separate 
works per stroke would not, in general, be the same as the works 
in the two cylinder-ends, the sum of either two would give the same 
total work. 

(c) Horse-power. — ^Letting N be the number of revolutions 
or of double-strokes per minute, we have (or the indicated horse- 
power developed in one end of the cylinder 

Pn^ASN .^. 

^"12X33000- • • ^^^ 

Having foimd the several partial I.H.P.'s, as Hi, ff„ etc., we 
get the total power by taking their sum. 
The constant part of this formula, 

AS 
^•^• = 12X33000' ^^^^ 

which we call the engine constant, can be worked out once for all 
in any particular case and kept on record. It can most conve- 
niently be found with the help of Table VI. 

We distinguish two measures of the power of an engine: first, 
the indicated power, or the rate of work-performance by the 
steam in the cylinder, as shown by the indicator; second, the 
effective power delivered by the machine, after its own internal 
frictional resistances have been overcome. The ratio of effective 
to indicated power is the mechanical efficiency of the engine. 
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(d) MEASUREBiENT OP Steam Used.— To pass from work per 
revolution or I.H.P., which is purely a measiu'e of mechanical 
performance, to the thermodynamic question as to how much 
work is done by one pound of steam or, conversely, how many 
pounds of steam are required per horse-power-hour, we must 
have a measiu-e of the amount of steam used by the engine per 
stroke or per hour. This can be determined actually and exactly 
only by a test in which the steam is weighed (or measured) as 
water, either as feed-water before it goes into the boiler, or after it 
has been brought back to water by means of a surface-condenser. 
The former method is available when the output of one or more 
boilers can be wholly devoted to the engine tested; and is liable 
to error caused by insufficiently accurate determination of the 
amount of water in the boiler at the b^inning and at the end of tne 
test. The second method gives the surest results, but calls for a 
supply and arrangement of apparatus which is not usually available 
except in a special laboratory or testing plant. In any case, a 
test of this sort involves a great deal of work, and some easier way 
of at least estimating pretty closely the steam-consumption of the 
engine is very desirable. A method of doing this, foreshadowed 
in Kg. 29 and § 17 (c), will now be fully developed. 

(e) Indicated Steam-consumption. — ^From the indicator dia- 
gram we can get a close measurement of the ''steam'! that is 
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FiQ. 36.— Data for I.S.C. 



present in the cylinder as steam — ^in distinction from that part of 
the working medium which goes through the engine as water, on 
account of cylinder-condensation or of initial moisture in the steam. 
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Corresponding to any point on the expansion- or compression- 
curve, there is in the cylinder a definite volume of steam whose 
pressure is known, so that its weight per cu. ft. is determinable 
from the Steam-table. Suppose that we wish to find the indi- 
cated or apparent steam-consimiption shown by the diagram in 
Fig. 36. For a point E on the expansion-curve, we have that the 
space filled with steam of the pressure pm and specific weight d^ is 
made up of two parts — ^the volume back of tiie piston from its 
initial position, or GE, and the clearance-volume FG: expressing 
this whole volume as a fraction of the piston-displacement in one 
stroke, represented by MN, we use 

FE 
Then the volume out to E is 

and the weight of saturated steam in the cylinder is 

This measures the total steam, both working-steam and clear- 
ance-steam: for the* latter alone, taking a point C on the com- 
pression-curve, we have 

DC 

_-c, Vo-cF, Wo^Vcdo. 

Then for the working-steam, or the weight of steam apparently 
used per revolution, we get 

w^V{edt-cdo) (98) 

Letting K stand for the expression in parenthesis, this formula 
becomes 

w^KV; (99) 

and we see that K may be defined as the indicated steam-con- 
sumption per cubic foot of piston-displacement. 
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The simplest case of this determination is encomitered when 
the points E and C lie on the same horizontal line, so that d^^dc; 
for then 

K=(e-c)d^ and («-c) = ^. . . . (100) 

(/) I. S. C. Per Hour and per Horse-power-hour. — ^Now 
the piston makes 60 N out-strokes in one hour, N being the num 
ber of 'revolutions per minute, or the R.P.M.; then the I.S.C. in 
pounds per hour is 

W=60KNV (101) 

This is for one end of the cylinder, or for one diagram: a similar 
value would be found for the other end, and the sum of the two 
would give the total steam shown by the indicator. 

If we let Fp stand for the total piston-displacement in cubic 
feet per hour in both directions, so that 

Fp=60i^(Fi+r^, (102) 

and find a mean value of K from the two diagrams, then the sim- 
plest way to get the I.S.C. per hour, total, is to substitute in 

W^KmVj. (103) 

In terms of stroke and piston-area, 

-1^ ^ -<^ 

from (101); dividing this by the formula for I.H.P. in (96), we get 

where TFh stands for I.S.C. per H.P.H. 

This method is generally used where isolated diagrams are 
worked up, while that of (101) and (103) is better for long tests 
with uniform conditions, especially where the actual steam-con- 
sumption is also being measured. 

Note that when two values of TFh have been found from a 
pair of diagrams, their mean, not their sum, is to be taken to get a 
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result for the whole engine; because each value is the ratio of the 
steam passing through one end to the work done by that steam. 

The point E may be located anywhere along the expansion- 
curve, but is usually taken either just after cut-off or just before 
release. On account of re-evaporation during expansion, the latter 
position will usually give a larger I.S.C. than the former. 

(g) Working Up Indicator Diagrams.— The application of 
the methods developed in this and the two preceding sections 
will now be illustrated by the complete work-up of a pair of dia- 
grams, shown in Fig. 37. 





Fig. 37. — Diagrams from a ffigh-speed Steam-engine. 
The fundamental data from the engine are: 

Diameter of cylinder 14" 

Stroke of piston 14" 

Diameter of piston-rod 2.25" 

These are more concisely stated by giving the size of the engine 
as 14X 14—2.25, diameter of piston being always given first. 
The derived constants are: 

From the diagrams, by the method of Fig. 34, the clearance was 
found to be about 8 per cent.; and this exact value is used, no 
direct determination having been made. 

The three important valve-action "events," cut-off, release, 
and exhaust-closure, are marked by short cross-lines, as in Fig. 10. 
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Then the position of the piston for each of these events, expressed 
by a stroke-fraction estimated from the zero end (as distinguished 
from the full-stroke end) of each diagram, is given by the following 
table: 

Table 20 A. Location of Valve Events. 



Event. 


Cut-off. 


ReleaM. 


Compression. 


Head end 


.31 
.29 


.86 
.85 


.37 


Crank end 


.36 







The diagrams were taken with a spring of 60-scale in the indi- 
cator, so that the scale of the ordinate is 60 lbs. per sq. in. to the 
inch. In precise work the indicator-spring must be caHbrated 
by comparison with some standard of pressure, and the exact 
scale thus found is then used in the calculation of results; here, 
however, the nominal scale will be used. 

The general observations particular to this set of diagrams were: 

Steam-pressure 105 lbs. by gage. 

Speed of engine 225 R.P.M. 

All the reference lines given in Fig. 30 are drawn on both dia- 
grams; further, hjrperbolas are passed through selected points on 
both the expansion- and the compression-curves, for comparison 
with these curves. Then the method of Fig. 33 is used to get the 
realized effective ratio of expansion, which comes out: 

Head, ?^=3.08; Crank, ^=3.13. 

The manner of calculating the horse-power is outlined in the 
following table: 

Table 20 B. Calculation of I.H.P. 



c^^ 




Length 
Diagram. 


Mean 
Height. 


M.E.P. 


I.H.P. 


Ends. 


Toul. 


H 


2.60 
2.40 


3.10 
3.13 


.806 
.796 


4S.36 
47.70 


60.25 
67.00 




C 


116.25 
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Using the E.G., the I.H.P. for one end is got by multiplying this 
constant by the R.P.M. and by the M.E.P., as indicated by (96); 
thus for head end, 

ff= .005446X225X48.35=59.25. 

To get the I.S.C. we use the points through which the hjrper- 
bolas are drawn; from the dimensions marked on the figures the 
following table of intermediate and final results is worked out. 

Table 20 C. Calculation of I.S.C. 



Cylinder End. 


C. 


c. 


dc. 


edE. 


cdc. 


H 


.429 
.396 


.339 
.297 


.2064 
.0621 


.08863 
.08170 


.02101 


c 


.01845 







Cylinder End. 


K. 


13750 
M.E.P. 


I.S.C. 


Ends. 


Mean. 


H 


.06752 
.06326 


284.5 

288.0 


19.21 
18.20 




c 


18.71 







Here formula (102) is used after K has been found, and the 
result is in pounds per H.P.H. To get the total steam per hour we 
can combine the final results, so that 

W= 116.25X18.71 =2175. 



Or, after finding the K^s, we compute: 

Head. Crank. 

Cylinder-volume, F =1.246 1.215 cu. ft. 
Piston-displacement, Fp= 16820 16400 per hour. 

-,, ^ (Head 16820X.06742 = 1134| o^'7^ ^u 
Then Tr= J^^^ 16400 X. 06325 =1037 J '^^^^ ^^^' 

Note: The slide-rule is especially adapted to computations 
based upon data of the degree of accuracy here attainable. 
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§ 21. Estimating Cylinder-condensation. 

(a) Formula for Fraction of Steam Condensed. — ^From a 
study of the published records of a lai^ge number of engine tests, 
the writer has devised the formula given below, by means of which 
the fraction of the total steam that is not shown by the indicator 
can be pretty closely estimated : this fraction corresponds to m^ 
in Eq. (83). The formula is rational as to the elements involved, 
but empirical as to the amount of influence which each exerts: as 
here set forth it is limited to cylinders which are not steam-jacketed; 
and it is justified only to the degree in which results found by it 
agree with the data upon which it is founded. 

The formula is 

•27 IsT ,,^_, 

^==^^' ^^^^> 

where 

iV=R.P.M. of engine; 

«=a constant obtained by dividing the surface of the 
nominal cylinder in square feet by its volume in 
cubic feet; 
r=a special function of the pressure, analogous to tempera- 
ture, shown in Fig. 38 and given in Table 21 A; 
p is the absolute pressure at the point E, Fig. 36, for 

which the I.S.C. is found, and 
e has the same meaning as in § 20 (e), being the ratio 
of the volume at E, Fig. 36, to the nominal cylinder 
volume. 
(6) Influences Affecting Cylinder-condensation. — There 
are three major influences to be considered; these are: 

1. The amount of metal surface exposed per unit weight of 
steam present, proportional to s/pe. 

2. The total range of temperature in the cylinder, from 
admission to exhaust, represented by T. 

3. The time of the whole operation, proportional to 1/iV. 

(c) The Surface Effect. — Of the total interior surface of the 
cylinder, that part which may be called the clearance-surface — 
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including the cylinder-head and the piston-face, with the steam- 
passages — is what is chiefly active in causing condensation. If 
we may assume that the cylinder-bore is of secondary importance, 
then the effective surface, to which is exposed the steam admitted 
in any one stroke, is practically constant. As a convenient and 
fairly approximate measure of this surface, we may take it to be 
proportional to the inside surface of the nominal cylinder, or to 
S' from 

^'-^J-ra^'ffi w 

where S and D are the stroke and diameter in inches, and S' is in 
square feet. 

Of course, variation in the ratio of stroke to diameter, in the 
type of valve-arrangement, and in the shape and size of the steam- 
passages will affect the validity of this measure. But for the 
general run of slide-valve engines the variation is not great; and in 
the case of engines of the Corliss type, the smallness of the port- 
surface is neutralized by the large amount of surface around the 
exhaust-valve, which has a relatively high condensing effect. 
The range of data available is less complete than might be desired; 
]>ut so far as can be seen, this rough assumption as to the size- 
effect seems to be well justified. 

(d) The Relative Surface Exposed. — The weight of steam 
apparently present in the cylinder at cut-off is that required to 
fill the fraction e of the nominal volume V at the pressure p: it is 
rot by dividing the actual volume eV by the specific steam-volume v. 
Since p and v (using v instead of s in Eq. (61) ) are related by the 
equation pv^'^^=C, not greatly different from pv=C, we may 
take V to be approximately proportional to 1-5- p, and get 

— (xpeV (107) 

Now for a quantity proportional to the surface exposed per 
pound of steam we have 
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The constant »=S'-j- F may be called the specific surface of the 
cylinder, or its surface per cubic foot of volume. Dividing (106) 
by V, we get 

In (108) we find the ratio of the cylinder-surface to the indi- 
cated steam: it would be more logical to use the total steam; but 
this could be done only by greatly complicating the formula, or 
by using the trial method, with successive substitutions. This 
formula works quite well if it is not carried to the extreme of 
very early cut-ofif, where the condensation becomes relatively so 
large that a close prediction of its amount can hardly be expected. 

(e) Temperature and Time Effects. — It is apparent that the 
amount of heat-interchange between steam and cylinder-walls will 
depend upon the range of temperature in the cylinder. But it was 
found that the very large increase in range caused by dropping to 
condenser temperatures exerted too great an influence in the 
formula; while in the first cylinder of a multiple-expansion engine 
the range was too small to account for the condensation. To use 
the range of pressure would give an error in just the opposite 
direction, making the moisture figure out too small with condens- 
ing engines, too large with compounds. 

To get around this difficulty, at the same time avoiding any 
complex mathematical expression in terms of temperature, the 
artificial function T was laid out by trial; this is shown in Fig. 38, 
plotted on p as a base, with the temperature-curve (the same as 
Curve I. in Fig. 21) dotted in for comparison. To get T for the 
formula, look up Tj and Tj, corresponding to the highest and 
lowest pressures in the engine, then 

T=T^-T^ (110) 

Do not confuse this T with the absolute temperature. 
Again, the time permitted for the whole operation of the cycle 
will have an influence upon the condensation, diminishing both 
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the impartation of heat to the metal during admission, and the 
cooling of the cylinder by the exhaust steam. The time-efifect was 
foimd to be well represented by using the cube-root of N. 
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Table ! 


21A. V 


ALUES OF T FOR 


Equation (106) 


. 


V 


r 


p 


T 


P 


T 


P 


T 





170 


46 


262 ' 


115 


348 


186 


409 


1 


175 


50 


269.5 


120 


353 


190 


413 


2 


179 


55 


277 


125 


358 


195 


416.6 


3 


183 


60 


284 ' 


130 


362.6 


200 


420 


4 


186 


65 


291 


135 


367 


210 


427 


6 


191 


70 


297.5 


140 


371,5 


220 


434 


8 


196 


75 


304 


145 


376 


230 


441 


10 


200 


80 


310 


150 


380.5 


240 


447.5 


16 


210 


86 


316 


155 


386 


250 


454 


20 


220 


90 


321.5 


160 


389 


260 


460.5 


25 


229 


95 


327 


165 


393 


270 


467 


30 


238 


100 


332.6 


170 


397 


280 


473 


35 


246 


105 


338 


175 


401 


290 


479 


40 


264 


110 


343 


180 


406 


300 


485 



p is absolute pressure in pounds per square inch. 
T is the temperative function in decrees F. 
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Example. — Applying this formula to the diagrams worked up in the 
last section, we get 

«-j|(2+4)-5.14; 

i\r-225; i/JV-6.08; 
p, = 102; r, =334.7; 

p,-15; 7,-210.0; T- 124.7; 

p— 90; mean value of c=.412. 



Then 



.27 U 
'"^6.08\ 



,_. 5.14X124.7 



Now^, of the total steam, the I.S.C. represents the fraction (1— m): 
then for this case we have 18.71 + . 815 « 22.9 lbs. per H.P.H. as the 
probable actual steam-coiisiunption. 

(/) Results from Engine Tests. — In Table 21 B are given re- 
sults from a number of different tests, selected partly with a view 
of giving some idea of the performance of engines, chiefly to exhibit 
the application of the cylinder-condensation formula. The sym- 
bols at the heads of the columns have the following meanings: 

2 Des.= designation of the particular test in the original pub- 
lished table of results; most of the examples here 
given are taken from series of tests of the particular 
engine. 

3, 4, diameter and stroke of the engine-piston. 

6 iV=R.P.M. of engine. 

6 P" pressure of steam before it gets to engine, taken either 

at the boiler or, where so determined, from the steam- 
pipe. 

7 Pi= highest pressure in cylinder during admission. 

8 p,=« lowest back-pressure during exhaust. 

(All these are absolute pressures.) 

9 6^= apparent cut-off, corresponding to Cva in § 18 (d)- 

10 pm=M.E.P., average for the two ends. 

11 H=I.H.T. of engine. 

12 iS^measured steam-consumption, in pounds per H.P.H. 

The letter F means that the steam was measured as 
feed-water, C that it was weighed after condensation. 
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Table 21 B. Results from Engine Tests and 



1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


No. 


Des. 


Diam. 


Str. 


N 


P 


Pi 


P2 


«A 


Pm 


H 


1 
2 
3 


D 
B 
5 


58 
58 
36 


105 

105 

96 


6.6 

6.6 

13.9 




49.0 
40.6 
34.3 


2.0 
1.3 
2.7 


.38 
.32 
.25 


34.4 
25.0 
17.4 


317 
229 
118 


4 
5 

6 

7 
8 
9 


E 
J 
C 
F 

I 
L 


40 
34 

32 

(( 

20 
20 


72 
60 

60 

tt 

48 
48 


39.6 
59.9 
58.6 
59.1 
61.7 
60.3 


64.9 
97.0 
81.0 
84.8 
99.4 
81.9 




6.7 
1.1 
2.9 
3.1 
2.6 
2.8 


.29 
.17 
.32 
.27 
.18 
.14 


25.9 
37.2 
40.0 
38.3 
41.8 
22,8 


406 
60S 
567 
548 
195 
104 


10 
11 
12 
13 


D 
A 
H 
B 


28 
23 
28 
12 


60 
60 
48 
36 


64.8 
74.7 
53.2 
72.7 


116.7 
87.0 
84.3 

105.1 




18.9 
17.6 
20.6 
17.0 


.32 
.37 

.18 
.34 


41.2 
33.1 
17.7 
42.2 


493 
309 
139 
73.5 


14 
15 
16 
17 


1 

7 

13 

20 


17 
Du 


24 

tt 

tt 
plex 


45.6 
71.4 
43.8 
47.6 


144 
143 
146 
139 


119 
133 
141 
129 


15.4 
16.2 
16.2 
19.6 


.19 
.19 
.27 
.47 


29.0 
31,0 
52.6 
65.4 


128 
212 
223 
453 


18 
19 
20 
21 


9 
14 
15 
28 


17 

u 
tt 
a 


30 

tt 
tt 
tt 


61.9 
8.6 

86.0 
8.6 


104.9 
107.0 
106.6 
108.4 


98.9 
107.0 

94.3 
108.4 


16 
16 
16 
16 


.226 
.271 
.107 
.153 


44.6 
5S.0 
26.3 
42.2 


91.6 
16.6 
75.1 
12.1 


22 
23 


7 
15 


16 
Du 


18 

plex 


40.3 
40.3 




86.5 
91.6 


2.5 
16.7 


.114 
.114 


35.5 
25.1 


51.0 
36.0 


24 
25 
26 


A3 
C3 
E3 


9 

It 

tt 


36 

tt 

tt 


85.4 
85.6 
84.7 


112 
120 
129 


108 
116 
126 


6.0 
16.8 
29.8 


.195 
.141 
.268 


54.7 
40.4 
47.9 


52.4 
57.7 

88.6 


27 




14i 


20 


126 


136 


124 


17.5 


.177 


38.5 


SO. 3 


28 
29 


310 
303 


8 

tt 


24 
tt 


61.1 
59.4 


86.7 
86.7 


79.0 
84.1 


16 
16 


.053 
.200 


10.6 
28.2 


3.9 
10.0 


30 
31 
32 


I 2 

I 7 

II 12 


14 

tt 

tt 


6 

tt 

tt 


408 
406 
138 


65.5 
136.7 
120.1 


50.7 
106.3 
108.7 


14.6 
15.0 
16.6 


.437 
.216 
.216 


22.6 
38.4 
44.3 


19.8 
33.6 
13.1 


33 
34 
35 


III 5 

IV 4 
VIS 


10 

<« 

tt 


6 

tt 

tt 


405 
402 
212 


119.3 
148.4 
119.6 


97.8 
130.0 
109.1 


48.6 
51.0 
50.2 


.470 
.362 
.470 


33.0 
38.6 
40.2 


28.7 
33 3 
18.3 


36 


VII 2 


7 


6 


409 


166.4 


149.7 


103.4 


.647 


39.5 


34.6 
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Application of Condensation Formula. Table 21 B. 
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12 


13 


14 


16 


16 


17 


18 


19 


20 




S 


5' 


• 


t 


T 


P 


e 


m 


m' 




30.3 F 
30.6 " 
34.5 " 


20.9 
19.3 

20.8 


1.06 
1.06 
1.60 


154 
158 
121 


89.0 
78.8 
63.1 


45.0 
36.1 
33.3 


.46 C 
.40 " 
.33 " 


.312R 
.374 " 
.396 " 


.306 
.344 
.372 


1 
2 
3 


24 3 F 
18.5 '* 
19.9 " 
19.5 " 
19.2 " 
21.2 " 


19.2 
12.4 
16.1 
15.2 
14.2 
13.8 


1.50 
1.81 
1.90 

2.90 
2.90 


130 
220 
173 
174 
192 
176 


99.5 
147 
125 
130 
147 
127 


65 
97 
81 
85 
99 
82 


.31 R 
.19 " 
.34 " 
.29 " 
.20 " 
.16 " 


.21 C 
.33 " 
.19 " 
.22 " 
.26 " 
.35 " 


.215 
.263 
.206 
.219 
.316 
.366 


4 
5 
6 

7 
8 
9 


25.8 F 
27.8 " 
34.0 " 
29.3 " 


21.2 
23.4 
23.8 
20.8 


2.11 
2.49 
2.21 
4.67 


113 
97 
86 

112 


131 

103 

94 

127 


116 
87 
84 

105 


.33 R 
.38 " 
.20 *' 
.36 '' 


.18 C 
.16 " 
.30 " 
.29 " 


.181 
.179 
.253 
.253 


10 
11 
12 
13 


30.2 F 
29.0 " 
26.8 " 

28.3 " 


21.4 
21.2 
20.3 
24.0 


3.83 
it 

u 


124 
127 
132 
118 


13S 
145 
152 
140 


100.4 

98.8 

115.2 

102.4 


.285 C 
.2«5 " 
.368 *' 
.566 " 


.301 C 
.271 " 
.242 " 
.151 " 


.292 
.269 
.259 
.204 


14 
15 
16 
17 


27. 5C 
36.1 " 
28.0 *' 
38.7 " 


20.2 
19.8 
19.0 
22.0 


3.62 

<f 
it 
It 


111 
116 
107 
117 


120 
128 
114 
129 


92.8 
104.5 

S9.0 
106.9 


.297 C 
.342 " 

.178 " 
.224 " 


.267 C 
.450 " 
.320 " 

.568 " 


.272 
.474 
.313 
.683 


18 
19 
20 
21 


34.7 F 
42.6 " 


19.4 

29.7 


4.33 

It 


183 

107 


137 
110 


86.5 
91.6 


.184 C 
.184 " 


.441 R 
.304 " 


.480 
.418 


22 
23 


23. 6C 
16.4 " 
15.3 " 


15.0 
10.1 
11.2 


6.00 

tt 

tt 


163 

124 

94 


150 
135 
120 


103.1 
112.0 
119.5 


.271 C 
.218 " 
.345 *' 


.365 C 
.385 " 

.268 " 


.347 
.354 
.267 


24 
26 
26 


25.6 F 


19.4 


4.51 


123 


142 


115.0 


.294 C 


.243— 


.236 


27 


57.9 C 
37.5 " 


18.9 
19.1 


7.0 


95 
99 


97 
103 


70.4 
70.4 


.093 " 
.240 *' 


.674 C 
.491 '' 


.602 
.462 


28 
29 


36.0 F 
26.0 *' 
31.2 " 


29.0 
18.3 
17. 3 


7.5 

it 


70 
119 
119 


63.7 
129 
130 


42.8 
87.1 
93.1 


.497 C 
.276 *' 
.276 " 


.193 C 

; .296 " 

.445 " 


.173 
.232 
.322 


30 
31 
32 


22.8 F 
20.3 " 
23.1 '* 


20.5 
17.4 
18.4 


9.0 
it 

tt 


46 
65 
53 


65.4 
92.2 
72.3 


88.3 

112.2 

92.7 


.570C 
.462 " 
.570 " 


.102 C 
.143 " 
.203 " 


.125 
.147 
.169 


33 
34 
36 


19.4 F 


18.3 


11.0 


38 


44.3 


146.1 


.772 C 


.055 C 


.076 


36 
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13 S'=I.S.C. in same terms as S, determined here from /^ 

through the moisture-fraction m in Col. 19. 

14 a = surface-coefficient of engine, by (109). 

15 <= range of temperature in cyUnder, given for comparison 

with T, 

16 r= range of the artificial temperature of Fig. 38 and Table 

21 A, according to Eq. (110). 

17 p= absolute pressure at cut-off. 

18 e= ratio of volume at cut-off to nominal cylinder-volume, 

as in (105) and in § 20 (e). Where marked C, e has 
this meaning, being equal to c^ in Col. 9+ fraction of 
clearance: but where marked R, e is the reciprocal of 
what is given as the ratio of expansion, the data being 
in that form. 

19 m= fraction of cylinder-condensation, or of steam not shown 

by the indicator, from actual measurement. This 
result is marked C where the I.S.C. was taken at cut- 
off, R where it was taken at release; the former giving 
a result properly comparable with m\ 

20 m'= fraction of cylinder-condensation, computed from Eq. 

(105). 

The clearances of these engines are as follows: 

Nosl,2,3 08 No. 27 117 

4-13 not given 28-29 04 

14-17 099 30-32 06 

18-21 071 33-35 10 

22-23 07 36 125 

24-26 076 

(g) References.— The sources of the data set forth in Table 21 B 
will now be given. 

Nos. 1-3. These are selected from tests made on three U. S. 
gunboats, in the early 1860's, by boards of U. S. Naval Engineers, 
and published by Isherwood in his "Experimental Researches in 
Steam Engineering." No. 1 is one of seven tests made on the 
MackindWy No. 2 is selected from the fifteen tests on the EiUaw, 
and No. 3 is one of seven on the Michigan, These were all paddle- 
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wheel steamers, and the tests were made with the vessels fast to 
the dock and simply pushing water backward. These examples rep- 
resent the early type of marine practice, with large and slow-moving 
simple engines, using low-pressure steam. 

Nos. 4-13 are a group of isolated tests of factory engines of the 
Corliss type, made by Mr. Geo. H. Barrus, reported to the American 
Society of Mechanical Engineers in 1889, and printed in Vol. XI. 
of the Transactions, page 170: only two, Nos. 6 and 7, are from 
the same engine. The data are not so full for these tests as for 
most of those available, but they give valuable information. In 
subdivision, the first group is made up of condensing engines, the 
second of non-condensing. 

Nos. 14-17 are froih the first locomotive installed for experi- 
mental purposes at Purdue University, and were reported to the 
A.S.M.E. by Prof. W. F. M. Goss m 1893, Trans., Vol. XIV., 826. 
This was, of course, a duplex engine. The tests given are those 
in which there was the least drop of pressure from the boiler to 
the cylinder, but it will be noted that even in these the throttling 
effect is considerable. 

Nos. 18-21 represent a long series of tests made by Profs. 
J. E. Denton and D. S. Jacobus on the steam end of an air-com- 
pressor, in Nov., 1888, with especial view to the determination of 
cylinder-condensation. The engine had a double-slide valve-gear; 
and this, with the easily variable and controlled load, facilitated the 
covering of a wide range of conditions. See Trans. A.S.M.E., 
Vol. X., 722. 

Nos. 22 and 23 are from a set of sixteen tests made by Major 
T. English on a two-cylinder simple engine driving pumps. The 
full report, with a coriiplete thermal analysis, is published in the 
Proceedings of the British Institution of Mechanical Engineers for 
1887, at page 478. 

Nos. 24-26 are sample tests from the triple-expansion Corliss 
engine in the laboratory of Sibley College, Cornell University, 
selected from an extensive report of results made by Prof. R. C. Car- 
penter in 1895, and published in Trans: A.S.M.E., Vol. XVI., 913. 
The tests here given are all from the high-pressure cylinder, and 
represent three conditions of running: No. 24 is for the high- 
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pressure cylinder as a simple engine; for 25, the high and inter- 
mediate were rmi as a two-stage compoimd; and for No. 26 the 
whole engine was tested. The M.E.P. in Col. 10 is for the H.P. 
cylinder in all three cases. 

No. 27 is an isolated test of a Hoadly portable engine, made in 
1876, and described in Peabody's Thermodynamics of the Steam 
Engine, page 266. 

Nos. 28 and 29 are from a small Corliss engine at the Massa- 
chusetts Institute of Technology, also taken from Peabody's 
Thermodynamics, page 386. 

Nos. 30-36 are selected tests of the Willans central-valve 
engine, taken from the exhaustive report made by Mr. P. W. Willans, 
published in the Proceedings of the British Institution of Civil 
Engineers, 1888, Vol. XCIII., 128. This is a triple-expansion 
engine of peculiar design; and the examples given represent three 
different conditions of running. Nos. 30 to 32 are from the low- 
pressure cylinder run as a simple engine; for 33 to 35 the inter- 
mediate and low constituted a plain compound; while the last test 
is from the triple engine. Here the M.E.P. given is for the whole 
engine, "reduced" to the low-pressure piston, by a method which 
will be developed in § 23. 

(h) Discussion of Table 21 B. — ^In this Table, the important 
controlling conditions are given in Cols. 5, 6 or 7, 8 and 9, and 
the most important results of the tests in Cols. 11 and 12; the 
question of prime interest here being, How many pounds of steam 
were used per horse-power-hour? This information will enable the 
reader to form some quantitative idea of the economic performance 
of engines of the classes here represented. It will be noted that 
the lowest value of S given is about 15, while the best that has been 
attained in an engine using saturated steam is about 11. But 
this triple-expansion engine (No. 26) is of small size, and was not 
run under its conditions of highest efficiency, chiefly in that the 
steam-jackets were out of use. The object of this Table being espe- 
cially to illustrate the application of Formula (105), the choice of 
data was somewhat limited. 

A large amount of information along these lines, including the 
full tables of results from which a few examples are here abstracted. 
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will be collated and discussed in Part II., where the matter of the 
actual perfonnance of engines will be very fuUy gone into. 

The range of conditions covered in any particular group of 
tests given in this Table is too small for a critical examination of 
Eq. (105). But so far as the conditions which vary with the 
engine are concerned, there seems to be a quite fair agreement 
between m and m\ 

It must be understood this formula cannot be expected to 
give precise results. The elements involved are so numerous, 
and there are so many secondary, imaccountable influences, that 
the actual performance of engines is likely to show rather freakish 
small variations from any uniform law: and besides this, there is 
room for a good many small errors in engine tests, which in some 
cases are likely to accumulate in one direction. Further, individual 
peculiarities of the engine may have quite an influence. 

In the group of Corliss-engine tests, Nos. 4 to 13, the largest 
variation is in No. 6, where m' is .067 less than m, which diflference 
is equivalent to 20 per cent, of the latter. If we had found S' from 
the indicator cards, getting 12.4 as here, and then divided by (1 — m'), 
the estimated value of S would have been 12.4-^.737=16.8, as 
against 18.5 actual : and the fraction of error would be, (18.5— 16.8) 
■^ 18.5=. 092. 

Groups 1&-21, 24-26, 28-29, made up of tests carried out 
imder laboratory conditions, show very close agreement. The 
engine in Nos. 30-36 is of such a peculiar form that it would be 
expected to give rather special results. 

The fraction of moisture in the steam coming to the engine 
was determined in only a part of these tests; where given, it ranged 
from 1 to 2 per cent., showing what is sometimes called "com- 
mercially " dry steam. 

(0 Effective Value of the Condensation Formula. — ^The 
range of data here set forth is too narrow to serve as a basis of 
judgment on this point: but, as the result of extensive applica- 
tions of the formula, the writer is of the opinion that, if the engine 
is working properly and the test is accurate, the estimated and the 
measured value of the steam-consumption ought not to diflfer by 
more than 10 per cent, of the latter. Some very extensive sets of 
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experiments keep well within this limit, notably those made imder 
the best conditions as to method and skill; others show considerably 
wider departm-es. But, in general, the approach to or the over- 
stepping of this limit is to be considered good cause for suspicion 
of the accuracy of the engine-test, or good reason to look for extra 
losses, as by leakage, in the engine. This degree of closeness 
seems to apply over a range of cut-off from .16 to .65 of the stroke. 
An approximation of this quality is accurate enough to be of great 
practical utiUty. 

The test-groups where, in a series, only one variable changes 
are comparatively few. Formula (105) was got, not so much by 
trying the effect of single variations, as by substituting, in a roughly 
formed equation, the whole set of values from variant tests. Con- 
sequently, it cannot be assumed that the manner in which any 
variable is involved in the formula is an exact measure of its influ- 
ence in the engine, as there are chances for rather complex com- 
binations of effect. 



§ 22. Engine Economy. 

(a) Conditions of Efficiency. — Efficient thermodynamic per- 
formance in an engine requires a wide range of temperature and 
pressure, with which goes a large ratio of expansion. But these 
conditions are all favorable to a high rate of cylinder-condensation. 
Take for instance an engine with cylinder 20" by 48", at 80 R.P.M., 
with an admission-pressure of 120 lbs. abs., exhaust-pressure of 
2 lbs. abs., and an expansion ratio of 10: then »=2.9, i/N=4:.Sl, 
e=0.1 (approximately), p we take the same as the admission- 
pressure, r=353-179=174; and from (105), 



.27 |2 
'4.31NI 



... 2 .9X174 

'^=^^/i2oxorr-^- 



With such an amount of cylinder-condensation, plus mechanical 
losses, the disposable work of Cycle B, Fig. 26, would be greatly 
reduced. So then, with a wide range of working and high expan- 
sion there must be used devices for diminishing the thermal action 
of the cylinder-waUs. 
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The means employed for this purpose are: 

1. G>mpoimdlng, or expansion in successive cylmders. 

2. The use of steam-jackets and kindred devices, for suppl3ring 

heat to the steam in the engine. 

3. Superheating the steam, before it gets to the engine. 

(6) CoBfPOUNDiNG. — ^Instead of carrying out the whole expan- 
sion in one cylinder, the operation is divided into two or more steps 
or stages : the steam is first admitted into the smaller, high-pressure 
cylinder, where it is partly expanded; and then goes into the laiger, 
low-pressure cylinder, from which it is exhausted. This method 
of cutting down the range of temperature of the steam which 
comes into contact with any particular portion of metal surface 
is called compounding the engine. But in practice the name 
''compound" is usually limited to engines with only two stages 
of expansion; one with three stages is called a triple-expansion 
engine, and one with four stages a quadruple-expansion. The 
names two-step, three-step, and four-step compound also recom- 
mend themselves. 

In a triple engine, the three cylinders are, high-pressure, inter- 
mediate, low-pressure: ia a quadruple we have tiie first inter- 
mediate and the second intermediate. In very laige engines, 
one stage is sometimes divided between two cylinders of equal 
size, to avoid the use of an excessively large single cylinder, or 
to promote a certain desired distribution of work. 

In marine practice, the initial pressures corresponding to 
different degrees of compounding are about as follows, the line of 
historical progress being from the lower to the higher value in 
each case: 

Simple engines 30 to 70 lbs. by gage. 

Compound 80 to 120 " " '* 

Triple 140 to 180 '' '' '' 

Quadruple 200to226'* '* '' 

These are, of course, always condensing engines. 

In stationary practice, there is a tendency toward higher 
pressures for the same classes of engines, condensing compounds 
being run with boiler-gage pressures of 120 to 150 lbs.; while 
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the compound locomotive, necessarily non-condensing, uses steam 
at from 200 to 225 lbs. 

(c) Working of the Compound Engine. — ^In deciding upon 
the cylinder-proportions of multiple-expansion engines, several 
objects are to be kept in mind: it is desirable that nearly the 
same amount of work be done in each cylinder, that the range of 
temperature be pretty equally divided, and that mechanical 
losses in the handling of the steam be reduced to a minimum. 
The whole subject is very complex, and nothing but the simplest 
general principles will be given at this point. 

As to the handling of the steam, we distinguish two typical 
cases: 

First, if the two pistons begin and end their strokes at the 
same time, then the steam from the high-pressure can pass directly 
into the low-pressure cylinder, and we have what may well be 
called a directrexpansion compound. 

Second, when the two strokes are not timed together, as when 
there are two cranks at right-angles to each other, then direct 
exhaust is not feasible, and an intermediate chamber, called the 
receiver, becomes necessary. This tjrpe we will call the receiver- 
compound engine. 

Engines of the first class frequently have a receiver, but it is 
not essential, as it is in the second class. 

The volume of the receiver enters, with those of the cylinders, 
into the determination of the action of the steam in the engine. 
A discussion of this action will be found in Vol. II, 

Mechanical losses in getting the steam through the engine, 
from cylinder to cylinder, partly counterbalance the gain from 
reduced cylinder-condensation. 

In the matter of the mechanical action of the engine, the com- 
poimd has the great advantage over the simple engine with the 
same total ratio of expansion, that the variation of driving-force 
throughout the stroke is very much smaller; so that the mechanism 
receives a much less severe and more evenly distributed force-action. 

It may be remarked that the cylinder of a simple engine, using 
steam imder the same general conditions as the compound, would 
be pf the same she as the low-pressure cyUnder of the latter. 
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In the next section are given the methods of working up indi- 
cator diagrams from compoimd engines, so as to get from them 
results of the same kind as those worked out under Fig. 37. 

(cO The Steam-jacket. — Another way of reducing hurtful 
condensation is to surround the cylinder with steam of the full 
boiler-pressure, so as to maintain a higher temperature in the 
metal. Usually there is simply an annular space around the 
cylinder-bore, either formed in the casting, or made by inserting 
the cylinder-wall proper as a liner within the main casting. Fre- 
quently, however, the cyUnder-heads are also steam-jacketed. 

The imderlying idea of this device is, that since the condensa- 
tion of the entering steam is caused by its meeting cooler metal 
walls, this source of loss will be partly removed by making the 
walls warmer. Its effective value depends upon the question, 
answerable only by actual trial, whether the gain in work done by 
the steam in the cylinder is greater than the loss of steam by con- 
densation in the jacket: under some conditions the gain in economy 
is considerable, in other cases the two effects just about balance. 
Of course, the water forming in the jacket is to be continually 
drained off and returned to the boiler with the least possible loss 
of heat. 

Against the steam-jacket it may be urged that during about half 
the time of a revolution it is wasting heat upon the exhaust-steam, 
and that even if it does impart some heat during the expansion, 
so as to raise the curve, only a relatively small fraction of this 
heat can be utilized thermodynamically. 

The principal argument in favor of the jacket is based on the 
fact that wet steam is a far better conductor of heat than is dry 
steam. Obviously, the heat-interchange within the cylinder 
depends not only upon the difference in temperature between 
steam and metal, but also, and in very great degree, upon the 
freedom with which the steam can yield and receive heat. A dry 
gas is a very poor conductor, and can be heated rapidly only when 
there is free convection or circulation, so that a fresh portion is 
continually coming into contact with the heating surface. But a 
vapor, which can condense on a cooling surface, will yield up 
heat freely, a film of Uquid forming on the confining wall, and 
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readily absorbing and transmitting heat, so as to increase rapidly 
in amount; this surface-effect being of far greater magnitude than 
any action resulting from diffused condensation. 

If now the jacket, by drying the cylinder-walls and by diminish- 
ing the wetness caused by the first condensation of the entering 
steam, can hinder the transfer of heat, it may effect a saving in 
working-steam very considerably overbalancing what it uses itself. 

(e) Thermal Action op the Cyunder-walls.— This whole 
subject of thermal interchange is far too complex for the quantita- 
tive use of the simple laws of heat. To calculate on the basis of so 
many pounds of metal, of known specific heat, being heated or 
cooled so many degrees in each cycle is impracticable, because 
there is no possible way of finding out either the weight of metal 
involved in the action or the average temperature-range. Only 
by test under working conditions can results be got, only by rea- 
soning closely based upon tests can results be predicted. But in 
regard to this subject, the following conclusions seem to be justified 
by general considerations: 

Of the thick body of metal forming the cylinder, only the inner 
portion suffers much change in temperature during the steam- 
cycle: the surface is heated and cooled quite a good deal, perhaps 
approximating to the temperature of the entering and of the exhaust 
steam; but the range of change diminishes rapidly from the surface 
inward, and at no very great depth the metal will have a nearly 
constant temperature. In a cylinder not protected from the out- 
side air, or with free radiation, this constant mean temperature will 
drop toward the outer surface of the metal: if the cylinder is well 
covered, the drop will be much less rapid, but there will still be 
an outward flow of heat. With a steam-jacket, the temperature 
will rise going outward, and the heat-flow will be inward. 

The jacket cannot change the character of the temperature 
variation on the inner surface of the cylinder; the best that 
it can do is to diminish the amount of this variation and to 
raise the level of the mean about which the actual temperature 
oscillates. 

A jacket on the barrel of the cylinder can have comparatively 
little effect, for it does not reach the surface with which the steam 
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first comes into contact, and only after the piston has travelled tsome 
distance is any considerable area of jacket-heated surface exposed. 
Back of the clearance-surface, as on the cylinder-head, the jacket 
will be more active, both in imparting heat usefully and in wasting 
heat on the exhaust-steam. 

Size of cylinder and time of cycle both exert a great influence. 
It has already been pointed out that cylinder-condensation is very 
much a matter of surface action, water being formed on the sur- 
faces of the body of steam, but not throughout its bulk — as dis- 
tinguished from condensation due to work done, which would be 
evenly distributed. Then the larger the body of steam, the less 
will be the effect of the metal walls. 

In lai^ engines at high speed, the jacket becomes of little 
effect, and can very well be omitted in favor of other and more 
active ways of getting heat into the steam. 

(/) The Re-heating Receiver.— This device is now generally 
used in laige compound engines, sometimes with jackets, fre- 
quently alone. The receiver between the cylinders is enlarged to 
surround a body of coils or tubes filled with boiler-steam. The 
working-steam, being broken up into small currents and brought 
into intimate contact with this heating-surface, receives heat 
much more effectively than through the rather clumsy device of the 
jacket. 

The high-pressure cylinder gets nearly dry steam from the 
steam-pipe: the steam going from the high to the low cylinder is 
sure to contain a fraction of moisture due to the work done in the 
high cylinder, together with loss by radiation; and the re-heater 
is intended to evaporate this moisture, so that the low-pressure 
cylinder will also receive practically dry steam. The saving in 
condensation in the low cylinder more than compensates for the 
fact that this heat enters the cycle below the upper limit of tem- 
perature. 

(g) Superheating the steam as it leaves the boiler is a very 
effective way of increasing the thermodynamic efficiency of the 
engine. The superheating may vary in amount from a few degrees' 
rise at the boiler, enough to insure dry steam at the engine or to 
decrease -slightly the freedom of heat-interchange in the cylinder. 
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to a rise sufficient to modify quite materially the expansion-pro- 
cess, perhaps wholly eliminating cylinder-condensation. 

A discussion of the use of superheated steam must follow two 
lines — the first a consideration of thermodynamic possibilities, 
the second a description of the practical difficulties met with in 
the working of the engine, on account of the much higher tem- 
perature of the steam. 

As to the magnitude of the thermal action involved in super- 
heating, it is small in comparison with the effect of a large amount 
of cylinder-condensation. The range of boiler-pressures in actual 
use is from 100 to 225 lbs. abs., with a corresponding saturation- 
temperature of from 330® to 390® F.; while the highest point to 
which the steam niay be raised, with due r^ard to the safety of 
both engine and boiler, is about 600® F. We see then that the 
heat which can be added is from 100 to 130 B.T.U. per lb. of 
steam: and with a total latent heat in the neighborhood of 860 
B.T.U., an equivalent amount of heat would be given to the cylinder- 
walls during admission with an initial condensation of from 11 to 15 
per cent. — ^which are very moderate values. 

If now superheating is to be thought of as merely a device for 
increasing the heat-content of the pound of steam, so that it can 
yield up heat without the formation of moisture, it would appear 
that the remedy is not sufficient. But when we consider the fact 
that the facility of heat-interchange may, incidentally, be greatly 
reduced, with a corresponding diminution in its amount, then we 
appreciate better the possibilities of the case. The effect of super- 
heating is, in this respect, closely similar to that of the steam- 
jacket, as described in (a): and with a reasonable use of com- 
pounding, so as to decrease both the range of temperature and the 
ratio of expansion in the first cylinder, together with the re-heat- 
ing receiver, a work-performance per poimd of steam approximating 
what is given as the limit for saturated steam in Tables 16 A and 
16 B may reasonably be expected. Of course, this does not imply 
a proportional gain in thermal efficiency, for the total heat of for- 
mation increases also, though at a less rapid rate. 

(A) The Difficulties in Operation are encoimtered, in the 
engine, chiefly in connection with the matter of internal lubrication. 
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In the early attempts to utilize the advantages of superheating, 
in the 1860's, when steam-pressures were low, say from 20 to 50 
lbs. by gage, and tallow was the common cylinder-lubricant, even a 
moderate superheat caused trouble by drjdng up and decomposing 
this animal oil. Compounding then began to come into general use, 
with an accompanjdng steady rise in boiler-pressure: and as these 
changes both decreased the desirability and increased the practical 
difficulty of using superheat, the latter line of progress was largely 
abandoned. 

Later, in the 1890's, imder the pressure of the high cost of fuel 
on the Continent of Europe, this matter was again taken up, and 
the use of high superheat worked out to a successful application, 
especially in Germany; the solution of the problem requiring both a 
high-grade mineral oil and certain changes in construction — such 
as the substitution of lift-valves for slide-valves, and some simplifi- 
cation of the form of the cylinder, so as to get rid of the unequal 
expansion that a wide range of temperature would cause in a 
complicated casting. 

As to the apparatus added to the boiler, this "superheater" 
cannot be placed beyond the boiler, because the desired steam- 
temperatiu'e is above that at which the products of combustion 
should pass to the chimney. It is therefore placed within the 
hot-gas circulation of the boiler, the products of combustion being 
partially cooled by water-heating surface before they strike the 
steam-heating surface; btit a second portion of water-heating 
surface is disposed beyond the superheater. The limit of allowable 
temperature is imposed by the need of a fair margin against 
burning out the tubes, and also by the fact that the metal is weak- 
ened by prolonged exposure to high temperature. 

§ 23. Diagrams from Compound Engines. 

(a) Description op the Engine. — ^A set of actual diagrams 
from a compound engine will now be completely worked up, the 
particular methods necessary being developed and appUed as we 
proceed. 

The dimensions and arrangement of the cylinders of the engine 
from which were taken the diagrams given in Fig. 40 are shown 
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by an outline sketch in Fig. 39. This engine is of the tandem- 
compound, direct-expansion type, the sequence of the cylinder- 
ends being indicated by arrows: actually, of course, the steam 
passes from the exhaust-port of the HP cylinder, through a pipe, 
to the steam-chest of the LP cylinder; this whole intermediate 
space constituting a receiver of moderate capacity. In the nota- 
tion used to designate the diagrams, the first letter shows the cylin- 




Fio. 39. — Cylinder-arrangement of Engine. 



der, high or low, the second letter the end, head or crank; so that 
H.H. means ''high head," and so on. 

A complete description of this engine, besides more or less 
detail of construction, would set forth the manner of working of 
the valve-gear and of the governor: but for present purposes, 
where we are concerned merely with the working up of a set of 
diagrams, the data on Fig. 39 are sufficient. 

(6) The Indicator Diagrams, as taken, but with lines of 
boiler-pressure, of condenser-pressure, and of perfect vacuum 
added, and with the valve-action events marked, are reproduced 
in Fig. 40. The general data are: 

Steam-pressure, taken from steam-pipe near engine, =96 lbs, 
by gage or 111 lbs. absolute. 

Vacuum in condenser =» 22.2 ins. of mercury, below the pres- 
sure of the atmosphere, equivalent to about 3.9 lbs. absolute. 

Speed of engine =250 R.P.M. 

Scale of springs, indicated on Fig. 40, 60 lbs. per inch on the HP 
diagrams and 20 on the LP. 

Gearances, estimated from various diagrams, as follows, for the 
several cylinder-ends: 



H.H. 
H.C.. 



.16 
.12 



L.H. 

L.a 



.08 
.06 
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On these data the following remarks seem called for: 

When the reading of a pressure-gage that has not been closely 
calibrated is to be changed to absolute pressure, it is quite close 
enough to use the round 15 lbs. for one atmosphere, instead of the 
more exact 14.7 lbs. 

The vacuum-gage reads from the atmospheric pressure down- 
ward: the standard atmosphere is 29.9 ins. of mercury or 14.7 lbs. 
per sq. in.: so that 1 in. of mercury equals very nearly 0.5 lb. To 
get the absolute pressure in the condenser, subtract the gage- 
reading from 30 and divide by 2, getting here 7.8-^2=3.9 lbs. 
This is a poor vacuum, as a good condenser should give from 26 to 
27 ins. 

The characteristic of diagrams taken at high speed — a wave- 
line effect due to the inertia of the moving-parts of the indicator — 
is quite marked on these LP diagrams, showing up even more 
clearly in Figs. 41 and 42, where hyperbolas are drawn on the 
ciu^es: the true line of pressure-variation would trace a mean 
course through these waves. 

It will be noted that there is quite an inequality of cut-off in 
the two ends of the LP cylinder. 



H.H 







Fio. 40.~Indicator Diagrams from a Compound Engine. 



(c) Calculation op I.H.P. and I.S.C— The first operation is 
similar to that for a simple engine, the data and results being set 
forth in the following table, which needs no explanation: 
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Table 23 A. Indicated Horse-power. 



Cylinder 
End. 


Piston 
Area. 


AS 
396.000' 


M.E.P. 


I.H.P. 


Ends. 


Cylinders. 


ToUl. 


H^ 
^ C 


132.7 
130.3 


.005360 
.005266 


26.7 
30.15 


35.8 
39.7 


75.5 


157.0 


T H 
^C 


311.8 
309.3 


.01260 
.01249 


14.22 
11.75 


44.8 
36.7 


81.5 



In calculating I.S.C. by the method of Eq. (99) or (101), the 
procedure is the same as with a simple engine. A single diagram is 
used, HP or LP as desired, in getting K, which is then the I.S.C. 
per cubic foot displaced by the piston in the cylinder-end itom 
which the diagram was taken: and the total I.S.C. per revolution, 
per minute, or per hour is found as in (101). To find I.S.C. per 
H.P.H., we would take the smn of two HP determinations or of 
two LP determinations (from the two ends in either case), and 
divide by the total calculated I.H.P. The first part of the opera- 
tion is given in the next table, the necessary dimensions to the 
E-points and C-points being marked on the diagrams in Figs. 41 
and 42. 

Table 23 B. Calculation op K. 



"^ist 


« 


dn 


c 


do 


edE - cdo ■= X 


" c 


.438 
.433 


.2064. 

tt 


.316 
.258 


.1189 


.09050-. 03753-. 05297 
.09430- .03062 -.0636 3 


T H 
^ C 


.977 
.714 


.0377 

it 


.244 
.160 


.0262 


.03685 --.00638 -.08047 
.02693- .00419 -.02274 



And applying Formula (101), we get. 

Table 23 C. I.S.C. per Hour and per H.P.H. 



^^d'*' 


CyUnder 
Volume. 


eo.vr 


K 


w 


W ' 


Ends. 


TotaU. 


^ C 


1.229 
1.207 


18,435 
18,105 


.0530 
.0637 


977 
1154 


2131 


13.57 


T H 


2.887 
2.860 


43,305 
42,900 


.03047 
.02274 


1320 
976 


2296 


14.61 
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But suppose that we wish to get TTh directly from the diagram 
by the method of Eq. (104): then we must take into account the 
fact that the steam which is metered in one cylinder does work in 
two (or more) cylinders: in other words, to get easily the ratio of 
mdicated steam to horse-power, we must express both in terms 
of the same cylinder-dimensions. Let K be found, for instance, 
from an HP diagram: in this HP cylinder-end, the M.E.P. Pi 
acts upon the piston-area A^; and then the same steam does work 
in an LP cylinder-end represented by M.E.P. p, on area -A,. Now 
this latter amount of work would be done upon the HP piston by a 
"reduced" M.E.P, of the value 



Pb= 



= P,^=fift 



(111) 



acting on the area A^, In this formula, R stands, in general, for 
the ratio of the area upon which the pressure is actual to that to 
which it is to be reduced. Finally, a total M.E.P. 2Jm=Pi+PR, 
introduced intx) Ek[. (96), will represent the total I.H.P. developed 
by the steam in terms of the dimensions of the HP cylinder; which 
dimensions will then cancel out in the division leading to Ek[. (104). 
The application of this second method is shown by the following 
table: 

Table 23 D. I.S.C. per H.P.H. Directly Calculated. 



Cylin- 
der 
End. 



Volume Ratio. 



ToUl M.E P. 
+ Pr - 



Pm 



13750 
Pm 



I.S.C 



Ends. Means. 



H 



H.H. 
L.C. 
H.C. 



L.H. 



- .429 

- .418 



26.70+ (27.36) -64.06 
30.15+(34.00)-64.15 



264.1 
214.1 



.0630 
.0637 



13.48 
13.64 



13.66 



H 



L.H. 



H.C. 
L.C. 



-2.39 



H.H. 



-2.33 



14.22+(12.60)-26.82 
11. 76+ (11. 47) -23. 22 



612.4 
691.8 



.03047 
.02274 



16.61 
13.46 



14.63 



Here the actual M.E.P.'s are first entered under p; then each 
is multiplied by the volume-ratio * beside it, and the result entered 

♦ Volume-ratio, usually identical with the area-ratio R'ln (111), is strictly 
of more general application, for compound engines have been built in which 
the stroke was different in the two cylinders. 
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under Pr in the line belonging to the cylinder-end in which is 
carried out the other part of the cycle. Thus for H.H., 26.70 >< 
.429=11.47, and this is entered opposite L.C.; and so on. The 
rest of the calculation is obvious. The difference between the two 
mean I.S.C.'s for the LP cylinder, one found here, the other in 
Table 23 C, is due to the fact that the mean of the ratios of partial 
quantities is not the same as the ratio of the sums: the method 
of Table 23 C is inherently the more correct. 

With a three- or four-stage compound, there would be two or 
three reduced M.E.P.'s to be added to the actual M.E.P. in the 
cylinder-end for which the I.S.C. was being found. 

(d) Character op the Expansion.— The most interesting 
information given by the result of this calculation — aside from 
its being a basis for an estimate of actual steam-consumption, 
according to the method of Eq, (105) — is in regard to the ques- 
tion as to whether the I.S.C. is greater at the beginning or at the 
end of the whole operation of expansion; the points E| and E^ 
being located with this question in view. To know, firat, what 
fraction of the entering steam will be condensed by the HP cylin- 
der, second, whether and by how much the fraction of moisture 
is likely to increase or diminish as the expansion progresses, and 
how the various economy-expedients such as the steam-jacket 
and the reheating receiver will affect these actions, is to have a 
sound basis for proportioning the cylinders and predicting the 
performance of a compound engine. In Part II. the methods' 
employed in getting the formula for cylinder-condensation will 
be further applied along the lines just indicated. At present, 
however, we are far more concerned with ways of getting results than 
with the results themselves. 

For the investigation of the character of the total expansion, 
a most effective implement is the combined diagram, in which the 
separate indicator cards are brought to the same scales and to 
common reference-lines, so as to form the parts of a complete 
diagram of steam-performance. Two methods of combination 
will now be illustrated, the first fully defined by the statement in the 
last sentence, the second embodying the principle used in deriving 
Rg. 32. 
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(e) Diagrams Brought to a Common Clearance-line. — ^In 
Fig. 411., the indicator diagrajns are prepared by dividing the 
length of each into ten equal parts and erecting ordinates at the 
division-points. Then in II. the volumes, first of the clearances, 
next of the cylinders, are laid out from OP to a convenient scale, and 
similar vertical division-lines drawn. In this case, the pressure- 
scale is the same as that of the LP diagram, so that ordinates from 
the latter can be transferred directly; while those from the HP dia- 
gram must be multiplied by three — or measured oflf three times. 




Fio. 41. — Diagrams Combined on Clearance-lines. 

Using also intermediate ordinates where the changes in pressure 
are rapid, as at the ends of the diagrams, we get a series of points 
through which the new curves can be traced, giving the result shown 
by the full-line figures. 

On the original diagrams, hyperbolas are drawn through both 
the E-points and the C-points: on the combined diagram, three of 
these are reproduced, all except that through E,: instead of the 
latter we continue the ctirve through E|, not by simply producing 
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this h3rperbola, but so as to get a correct measure of the continuity 
of the expansion. A horizontal, line AD is drawn between the 
diagrams, the two HP hyperbolas cutting it at A and B, while that 
through C3 meets it at D : then the length DF is made equal to BA, 
and the expansion-hyperbola continued from F. Obviously, this 
is nearly as effective as the method of Fig. 32; for while it does not 
get rid of the clearance-steam, it does eliminate the difference be- 
tween the two quantities of this steam in the successive cylin- 
ders. 

Diagrams on the rectified compression-hyperbolas, like Fig. 32, 
are dotted in, without any of the construction used in getting 
them being shown: this would consist simply of a lot of horizontal 
lines, along which the volumes, measured from the reference- 
exudes CiB, DC2, would be laid off from OP. The effect of indica- 
tor-inertia upon the LP cards is shown by the peculiar heel on 
the derived diagram; which is due to the fact that the indicator- 
piston lagged behind the steam-pressure at first, then swung ahead 
of it, and kept oscillating about the true pressiu^e xmtil its enei^ 
was absorbed in friction-work. The hyperbola drawn through C, 
should, as here, follow the mean of these waves, so that the areas 
between the two ciu^es, on opposite sides of the hyperbola as a 
reference-line, shall be just about equal. 

(/) Direct Combination on the Compression Hyperbolas. — 
This is illustrated in Fig. 42, where a graphical construction is 
used for transforming the volumes to their new scales. The pre- 
liminary preparation consists in drawing a lot of similarly-spaced 
horizontal lines on the indicator diagrams and on the plane of the 
combined figure, in II. In order to transform HP volumes, we 
construct III. by laying off the actual length of the HP diagram 
at AB, making BC equal the volume of the HP cylinder, to the 
scale of the combined diagram (corresponding with M^Ni in Fig. 41 
II.), and drawing the diagonal AC. Then if we take any abscissa 
as AD in I. and lay it off from A in III., the intercept DE will give 
the proper volume to be laid off as DE in II. Similarly, FA is the 
length of the LP diagram, AG is the corresponding volume to the 
scale of II., and F is the origin: FH is measured from F and HK 
is ready to be used in II. It is more convenient to use these pro- 
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portion-diagrams in III. than to work through the first method 
of combination as in Fig. 41. 

In Fig. 42 II., a hyperbola is drawn through Ej, and cuts under 
the LP expansion-ciu^e: but the corresponding hyperbola in 
Fig. 41 II., from F, is well above its LP curve. It appears, there- 




Fio. 42. — ^Diagrams Combined on Compression Curves. 

fore, that the steam is not divided between the two ends of the 
LP cylinder in the same ratio as between the two ends of the HP 
cylinder. The only way, then, to get a fair criterion of the total 
expansion is to draw a mean of the two combined diagrams, as is 
done in Fig. 43. 

(g) In Fig. 43, the separate diagrams, m dotted line, are traced 
from Figs. 41 and 42, with the minor irregularities on the com- 
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pression side left out; and the average diagrams are partly drawn, 
in full line. Through the E-point are passed two ciu^es, No. 1 the 
curve of constant steam-weight, pv^-^^^^C, No. 2 the usual equilat- 
eral h)rperbola, pv^C. The increasing value of the steam-frac- 
_C0 .8 .0 1.0 




Fio. 43. — ^The Average Combined Diagram. 



tion X is shown by the rise of the LP expansion-curve above the 
curve of constant weight. 

According to Formula (105), the fraction of cylinder-condensa- 
tion should be about 0.15: if this is correct, the actual steam- 
consumption is about 13.6-5- .85= 16 lbs. per H.P.H.; which is 
rather too good to be true, with the poor vacuum here evident. 
Using this result, however, for illustrative purposes, we cany 
curve 1 up to the steam-pressure line at C, then make DP : CP— 
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1.00 : .86, and from D draw an adiabatic for steam initially dry 
at D— using Table II. for this curve, as also for curve 1. This gives 
a comparison of the actual diagram with the form of Cycle B, 
Fig. 26. 

The result of all this drawing is a rather confusing mess of lines, 
especially along the LP. expansion-curve; this crowding of the lines 
being an inherent defect, and a decided disadvantage, of the pv dia- 
gram, when a wide range of expansion is to be represented. A 
scheme for showing more clearly the character of the expansion, 
especially as to the important question of re-evaporation or increas- 
ing condensation, is set forth at the right side of Fig. 43. Here 
the abscissa is x, the steam-fraction, to the scale marked at the 
top. The line of unity, AB, is the standard of comparison, while 
line 1 is the curve of constant steam-weight for a:=.85. The 
increasing condensation in adiabatic expansion is shown by the 
slant of line 3 to the left; and the re-evaporation necessary to an 
expansion along the hjrperbola is similarly shown by the departure 
of curve 2 from line 1. These curves are not here drawn with any 
great precision. Finally, those parts of the actual e^ansion- 
curves that lie to the right of curve 1 are sketched in on this system, 
making very evident the proportion of re-evaporation. 

The entropy-temperatin-e diagram, described and explained in 
Chapter VI., gives the same information as these derived curves, 
and in a much more direct and convenient shape. 



CHAPTER V. 
THE DYNAMICS OF STEAM. 

§ 24. The Steam-jet. 

(a) Conditions op Flow. — ^With a current of steam or gas, 
as with any other moving body, velocity can be produced only 

by the action of force and the expenditure 
of energy: the force accelerates the mass, 
the energy is stored in the current in kinetic 
form. The conditions of perfect flow, under 
which all the work done in or upon the 
steam on account of the drop in pressure 
is changed into kinetic energy of the for- 
ward-moving jet, are illustrated in Fig. 44. 
The apparatus consists of the vessel A, 
T the nozzle B, and the tube D; B has the 

Fig. 44.--Conditions of throat or orifice C, then expands or flares 
Jet-formation. ,tnxa., -.tv-.. 

to D. In A the pressing is pj, m D it is p,; 

and in entering and passing through the nozzle, the steam loses 
pressure and gains velocity. It is assumed that no work is lost 
in overcoming friction, or through any secondary action in the 
jet. 

(b) Work Expended in Acceleration. — Imagine a section- 
plane across the vessel at EF: steam passing this plane may be 
thought of as continually pushed forward by the steam behind 
it; and the work which it receives — and in steady flow would 
transmit simply and directly to the steam ahead of it, without 
change — is, per pound, 

f7j = 144piVi = 144pi(XiUi-fii?J (112) 

13S 
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After the steam attains its full velocity in the tube D, and in 
passing any cross-plane, as GH, it must continually push ahead 
of it steam subjected to the lower pressiu^ p,, doing the work 

U^ = lUp,V2^lUp^(xiu^+w^ (113) 

As the pressure drops along the nozzle, the steam expands ; 
and if we imagine two cross-planes close together and enclosing a 
small body of steam between them, then the static pressure in 
the substance will be less at the right plane than at the left one. 
This small difference of pressure produces a corresponding accel- 
eration, and the pressiu^work of the expansion is thus gradually 
changed into kinetic energy of the jet. 

The expansion, unless very special conditions are imposed, 
is essentially adiabatic: for after any particular action has become 
established, and each portion of the inner surface of the nozzle 
has assiuned the temperature of the part of the jet which touches 
it, then only as heat is conducted along the nozzle or radiated 
from it will there be any chance for a transfer of heat between jet 
and guiding-surface. 

Tte adiabatic expansion-work is — see Eq. (74), § 13 (k) — 

f^E=778(gi+XiZi-gj-xA) (114) 

And the net work expended in accelerating the current, per pound 
of steam, is 

I/ = t/i + C/K-f/, (116) 

This is the same as the effective work of Cycle B, Fig. 26 and 
§ 16 (6), corresponding to U' in Tables 16 A and 16 B; and if we 
reduce it to heat-units, using the symbol E for the energy AU 
given to the jet, we have 

=5iH-^in-53-VaH--^(^i^i-^2«^2) (116) 

This equation embodies the simpler method of calculating the 
net work of Cycle B, referred to under § 16 (b); except that in 
that case the last term, AiP^Wi—P^w^, which represents the 
water-voliune effect, was omitted. 



140 



THE DYNAMICS OF STEAM. 



[Chap. V. 



(c) The Adiabatic Table. — To facilitate the application of 
Eq. (116) and the determination of the energy imparted to the 
jet under any conditions withinthe range of practice, the numerical 
quantities given in Table V. have been worked out. Each colunm 
is for the initial pressure at the top; and each group of values is 
for an expansion from this p^ to the p, nia^^ked at the side. That 
is, the lower line of the cycle, D'C in Fig. 45, is taken successively 
at one pressure after another, the top line remaining at AB. This 
table can best be explained by showing how one set of values was 
computed: 

Take the case of an initial pressure of 150 lbs. per sq. in. abso- 
lute and a terminal pressure of 15 lbs. abs.: the diagram for the 
operation is given in Fig. 45; and the steam is supposed to be dry 
and saturated at B, so that x^^l. 




Fia. 45.^Adiabatic Diagram. 



*^ 



From the Steam-table, 
Pi=150 3i =330.56 

Oj =.51466 
61 -1.56656 



r^ -860.62 



a, =.31479 
6,-1.4339 



9,-181.94 
r, -964.97 
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Then a:,- ^— =^^^^-.8730. 

Now ii + r^ «=lldl.l8, 

^a+^a = 181.94+842.38 = 1024.32. 

The difference between these is 166.86 H.U.: it is the main 
part of E, identical with il 17' in Table 16 A, where the value for the 
same conditions, by independent and less precise computation, 
was found to be 167.0. 

This result does not include the last term of Eq. (116) : accord- 
ing to Table III., w^=.018, ti;a==.0167; it is fair enough to use a 
rough mean, giving the upper value a little more influence, say 
.0175; then 

144 
^(pi~Pj)^m=0.185Xl35X.0175«.44 H.U. 

Adding this to the 166.86 found above, we get ' 

£=167.30 H.U. 

The second quantity Ei given in Table V. is the effective work 
of the Camot cycle, the same as AU in Tables 16 A and 16 B: it 
is computed by Eq. (78). For the case above, t^ =358.16, /, -213.03, 
ri=818.16, /i-/,=145.13, r^ =860.62; then 

i?i =|f|3|860.62 =152.66 H.U. 

Finally, E^, equal to E-E^, is the effective work of adiabatic 
expansion of water originally at p^ and Z^, represented by the 
area AED in Fig. 45. On general principles, it could be more 
precisely calculated by making Xj=0 in Eq. (116), especially for 
small ranges of pressing, because E and J?^ are then large quanti- 
ties with a relatively small difference between them; but usually 
the method of subtraction indicated above will be found more 
convenient and sufficiently exact. 

Below the E's are entered in Table V. the limiting values of 
the final steam-fraction, Xj for a:i=l, Xjq for x^^Oi also the corre- 
sponding specific volumes at p,* 
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(cO Steam of any Initial Quality.— The reason for tabulate 
ing all the quantities below E appears when we consider the gen- 
eral adiabatic equation of relation, (70), 



(h-<h+^A 



b. 



'2 



(117) 



and note that just as Zi varies between the limits and 1, so a: 
varies between x^ and Xj, and v varies between v^ and v,. That 
is, in Fig 45, the variable intercept E'C, between the two adiabatic 
curves AE and BC, is divided in constant ratio by the intermediate 
adiabatic FG. 

Suppose that, for pi = 150 and ^2 = 15, x^^.QO: then the total 
energy, represented by AFGD in Fig. 45, we get either by adding 
60 per cent, of E^ to E^j or by subtracting 40 per cent, of E^ from 
E; giving either 

' £' = .6x152.66+14.64 
=91.60 + 14.64 = 106.24 
or 

£;' = 167.30 -.4X152.66 
= 167.30-61.06 = 106.24. 

This table reduces operations with the adiabatics of saturated 
steam to simple slide-rule arithmetic; while the drawing of adia- 
batic curves for superheated steam is provided for by Table II. 

In getting the two ivlimits, V2 is taken to be the same as X282 ; 
for where 82 is small, Xj is near unity, and where X2 departs from 
1.00, $2 is large and w;, relatively insignificant: but torv^ the exact 
expression 

is used. 

(e) Jet-conditions Determined. — The general results set forth 
in Table V. are applied in Table 24 A and Fig. 46 to the particular 
case of the flow of a steam-jet under adiabatic conditions. The 
arrangement of this table is similar to that of Table V., and the 
first quantity E is taken directly from Table V. Then the next, 
V, is the velocity in feet per second of the jet at p,, if all the energy 
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E is used up in accelerating the pound of steam and changed into 
kinetic energy of the latter; the relation is 

1 F' 

or 

F-\/778X64.32xB=V60040£. ... (118) 

Next are given, first, the volume Vj of the pound of steam at p2» 
likewise taken directly from Table V.; and second, the correspond- 
ing area of cross-section of a jet discharging 1 lb. per sec., expressed 
in square inches, and got by the operation 

a=144^ (119) 

Finally, the diameter in inches of a round jet of this capacity 
is also computed and given as d, ] 

In Fig. 46 the values of a from Table 24A ar^ plotted on a 
pressure base: each curve is for steam which starts in ^he dry 
saturated ^tate at the p^ marked upon it, and gives the cross-sec- 
tion, at each successive p^ according to the scale below the dia- 
gram, of a perfect jet discharging one pound of ste$m per second. 
The group of curves below and to the right of the curve KBL 
was first drawn, to represent the whole table to the scale ^narked 
at the right: above KBL, parts of these curves are ag^in laid 
out, to the larger scale at the left. ' ■ - 

(/) The Form of the Steam-jet. — The curve for pi = 150 lbs. 
is most fully given in Fig. 46, running from p, = 14$ to pj— 2 lbs.: 
all the other curves begin at p2=0.9pi. We note that ithe jet 
consists of three parts; first the rapidly contracting entrance, 
shown by the curve through A and B toward C; then the choke 
or neck, smallest at C; last, the flare or spread CDE. At first 
the velocity increases faster than the specific volume, so that 
the area of the section diminishes; over quite a range of pressure- 
drop the two increase together at nearly equal rates; and then, 
as the value of V becomes very large, so that increase in V is small 
relative to increase of F', the voliune grows much' faster than 
the velocity, and the cross-section increases rapidly. The limiting 
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Pi 


- 


260 


220 






Pi 


- 


250 


P. 


E 


21.06 


10.22 


P« 


E 


10.00 


*^i 


V 


1027 


716 








V 


730 


105 


V, 


2.306 


2.326 






220 


V, 


2.075 




1 
a 


.324 


.468 


105 






a 


.406 




d 
E 


.642 
32.34 


.772 
21.63 






d 


.718 




11.50 










V 


1272 


1041 


760 










' 170 


^«* 


2.600 


2.622 


2.644 












a 
d 

E 


.294 
.612 

42.55 


.363 
.680 

31.03 


.502 
.800 

21.86 


170 


150 


135 


120 




10.45 










V 


1450 


1264 


1046 


723 








150 


V, 


2.800 


2.024 


2.048 


2.076 










1 
a 


.286 


.333 


.406 


.503 










d 


.604 


.651 


.710 


.860 










E 


50.06 


40.42 


30.43 


10.13 


8.75 








V 


1607 


1422 


1234 


078 


662 






185 


V, 


3.170 


3.206 


3.232 


3.262 


3.280 








a 


.287 


.326 


.377 


.480 


.716 








d 


; .604 


.643 


.603 


.782 


.054 








E 


60.20 


40.85 


30.04 


28.72 


18.40 


0.70 






V 


1737 


1670 


1414 


1100 


060 


607 




120 


V, 


3.624 


3.653 


3.582 


3.614 


3.646 


3.671 






a 


.202 


.324 


.365 


.434 


.547 


.758 






d 


.610 


.642 


.682 


.743 


.834 


.083 






E 


70.65 


60.27 


50.40 


30.20 


20.00 


20.50 


10.80 




V 


1880 


1737 


1588 


1402 


1207 


1013 


738 


105 


V, 


3.061 


3.004 


4.025 


4.062 


4.005 


4.124 


4.156 




a 


.303 


.331 


.365 


.417 


.480 


.587 


.811 




d 


.622 


.640 


.682 


.720 


.780 


.864 


1.016 




E 


82.30 


72.10 


62.37 


51.34 


41.20 


32.60 


23.21 




V 


2030 


1800 


1767 


1603 


1436 


1270 


1078 


00 


V, 


4.533 


4.570 


4.606 


4.646 


4.685 


4.717 


4.754 




s 

a 


.322 


.346 


.376 


.417 


.470 


.631 


.634 




d 


.640 


.664 


.602 


.720 


.773 


.822 


.000 




E 


06.04 


85.78 


76.26 


65.34 


55.28 


46.80 


37.48 




V 


2102 


2072 


1053 


1808 


1663 


1532 


1370 


75 


% 


5.321 


6.364 


6.405 


5.462 


5.406 


6.634 


5.677 




1 
a 


.360 


.373 


.398 


.434 


.476 


.520 


.686 




d 


.667 


.689 


.712 


.744 


.778 


.814 


.864 
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106 


90 


12.44 




789 




4.796 




.876 




1.066 




26.86 


14.57 


1169 


864 


6.626 


6.681 


.699 


.958 


.943 


1.106 
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Pi 


- 


250 


220 


195 


170 


160 


135 


120 


Pa 


E 


112.25 


102.23 


92.71 


81.96 


72.08 


63.77 


54.48 


• J 


V 


2370 


2262 


2154 


2025 


1899 


1786 


1651 


60 


^% 


6.474 


6.524 


6.574 


6.630 


6.683 


6.727 


6.779 




a 


.393 


.415 


.439 


.471 


.507 


.542 


.591 




d 


.708 


.727 


.746 


.775 


.803 


.831 


.868 




E 


132.68 


122.78 


113.42 


102.95 


93.13 


84.99 


75.85 




V 


2577 


2479 


2383 


2270 


2159 


2062 


1948 


45 


^t 


8.342 


8.406 


8.469 


8.539 


8.606 


8.662 


8.726 




1 
a 


.466 


.488 


.512 


.542 


.574 


.605 


.645 




d 


.770 


.789 


.807 


.831 


.855 


.878 


.906 




E 


160.25 


150.59 


141.45 


131.08 


121.58 


113.59 


104.68 




V 


2832 


2745 


2661 


2561 


2467 


2384 


2289 


30 


r, 


11.94 


12.03 


12.11 


12.21 


12.31 


12.38 


12.47 




a 


.606 


.631 


.656 


.687 


.718 


.748 


.785 




d 


.878 


.896 


.914 


.935 


.956 


.976 


1.000 




E 


186.62 


177.10 


168.16 


157. 99 


148.71 


140.88 


132.15 




V 


3021 


2977 


2901 


2812 


2728 


2655 


2572 


20 


V, 


17.11 


17.23 


17.35 


17.49 


17.62 


17.73 


17.85 




a 


.797 


.834 


.862 


.896 


.930 


.962 


1.000 




d 


1.007 


1.030 


1.047 


1.068 


1.088 


1.106 


1.128 




E 


204.63 


195.26 


186.44 


176.45 


167.29 


159.58 


150.97 




V 


3200 


3126 


3055 


2972 


2894 


2826 


2749 


15 


r. 


22.11 


22.27 


2i2.42 


22.60 


22.76 


22.90 


23.06 




t 
a 


.993 


1.026 


1.057 


1.095 


1.133 


1.167 


1.208 




d 


1.124 


1.143 


1.160 


1.181 


1.201 


1.219 


1.240 




E 


228.88 


219.72 


211.04 


201.23 


192.25 


184.70 


176.27 




V 


3384 


3316 


3250 


3173 


3102 


3040 


2970 


10 


Vi 


31.72 


31.92 


32.14 


32.40 


32.63 


32.82 


33.04 




a 


1.350 


1.387 


1 425 


.1.470 


1.515 


1.555 


1.602 




d 


1.311 


1.329 


1.347 


1.368 


1.389 


1.407 


1.428 




E 


268.20 


259.32 


250.90 


241.39 


232.67 


225.35 


217.18 




V 


3663 


3602 


3543 


3476 


3412 


3358 


3297 


5 


V, 


59.08 


59.47 


59.85 


60.29 


60.70 


61.05 


61.44 




a 


2.322 


2.377 


2.432 


2.498 


2.562 


2.618 


2.684 




d 


1.719 


1.740 


1.760 


1.783 


1.806 


1.826 


1.849 




E 


315.97 


307.39 


299.29 


290.12 


281.72 


274.69 


266.83 




V 


3930 


3922 


3870 


3810 


3755 


3708 


3654 


2 


V. 


135.2 


136.1 


136.9 


137.9 


139.1 


139.5 


140.4 




B 

a 


4.897 


4.996 


5.095 


5.212 


5.322 


5.420 


5.^ 




d 


2.497 


2.522 


2.547 


2.576 


2.603 


2.627 


2.654 
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105 


90 


75 


60 


45 


30 


20 


- 


Pi 


44.00 


31.88 


17.61 










E 


P, 


1484 


1263 


939 










V 




6.836 


6.905 


6.986 










^« 


60 


.663 


.787 


1.072 










a 




.919 


1.001 


1.168 










d 




65.53 


53.62 


39.50 


22.32 








E 




1811 


1638 


1406 


1057 








V 




8.799 


8.885 


8.988 


9.115 








V, 


45 


.699 


.781 


.921 


1.242 








a 




.943 


.997 


1.083 


1.257 








d 




94.62 


82.97 


69.20 


52.43 


30.64 






E 




2176 


2038 


1861 


1620 


1238 






V 




12.57 


12.69 


12.84 


13.01 


13.25 






^1 


30 


.832 


.897 


.993 


1.157 


1.540 






a 




1.029 


1.069 


1.125 


1.214 


1.389 






d 




122.31 


110.94 


97.46 


81.08 


59.83 


29.92 




E 




2474 


2356 


2208 


2014. 


1731 


1223 




V 




17.99 


18.16 


18.36 


18.61 


18.93 


19.40 




V, 


20 


1.047 


1.110 


1.197 


1.330 


1.575 


2.284 




a 




1.155 


1.189 


1.235 


1.301 


1.416 


1.705 




d 




111.27 


130.09 


116.82 


100.02 


79.75 


50.35 


20.97 


E 




2659 


2551 


2418 


2237 


1998 


1587 


1024 


V 




23.23 


23.44 


23.70 


24.03 


24.42 


25.02 


25.63 


v^ 


15 


1.258 


1.323 


1.411 


1.547 


1.760 


2.269 


3.602 


a 




1.266 


1.313 


1.356 


1.403 


1.497 


1.533 


2.142 


d 




166.77 


155.81 


142.82 


127.00 


106.55 


77.77 


49.01 


E 




2889 


2792 


2674 


2521 


2309 


1972 


1566 


V 




33.29 


33.59 


33.94 


34.38 


34.96 


35.79 


36.64 


V, 


10 


1.659 


1.732 


1.828 


1.964 


2.180 


2.613 


3.370 


a 




1.454 


1.485 


1.526 


1.581 


1.666 


1.824 


2.071 


d 




207.99 


197.38 


184.81 


169.53 


149.79 


122.04 


94.35 


E 




3227 


3143 


3041 


2913 


2738 


2471 


2173 


V 




61.89 


62.42 


63.06 


63.84 


64.88 


66.37 


67.90 


^a 


5 


2.763 


2.860 


2.986 


3.156 


3.412 


3.868 


4.500 


a 




1.876 


1.908 


1.950 


2.005 


2.084 


2.219 


2.394 


d 




258.01 


247.81 


235.74 


221.04 


202.14 


175.92 


149.08 


E 




3593 


3521 


3435 


3326 


3180 


2967 


2719 


V 




141.4 


142.5 


143 9 


145.6 


147.9 


151.0 


154.5 


^1 


2 


5.666 


5.828 


6.034 


6.305 


6.697 


7.335 


8.147 


a 




2.686 


2.724 


2.772 


2.833 


2.920 


3.056 


3.221 


d 





148 THE DYNAMICS OF STEAM. [Chap. V. 

ordinates, one for the pressure pi, the other for zero-pressure, 
are asymptotes to the curve, the latter rising to infinity for zero- 
velocity at the start and for infinite volume at perfect vacuum. 

The study of the ideal form of the steam-jet has two impor- 
tant practical applications: from the entrance-curve ABC we 
deduce the rate of flow through an orifice under any conditions; 
while the discharge-curve CDE furnishes data for the determination 
of the proper shape of the nozzle which will deliver the jet of 
maximum attainable energy — this energy to be applied to the 
doing of useful work, especially in the steam-turbine. 

§ 25. Steam-jet Curves. 

(a) Rate op Flow. — From the shape of the entrance-curve 
ABC, Fig. 46, we see that, for a given initial pressure, the rate 
of flow through a given orifice will increase with the drop in pres- 
sure, at first rapidly, then slowly. This rate will reach its maxi- 
mum when the lower pressure is at the value corresponding to 
the least section, at C; and any fiurther reduction in the pressure 
on the discharge side will have no effect upon the rate of flow* 
This fact — that, when steam flows from a high pressure to a low^ 
the pressure in the orifice will automatically adjust itself to the 
value which will give the maximum discharge — is embodied in 
Napier's experimental formula, 

W^=^S •. . . (120) 

where a is the cross-section of the orifice in square inches, p^ the 
absolute initial pressure in pounds per square inch, and W the 
discharge in pounds per second; this formula applying so long 
as Pa is not greater than about 0.6pi. 

(6) Comparison with Napier's Formula. — In Fig. 46, the 
choke-point C, as at first located by a purely graphical deter- 
mination of the lowest point of the curve, was found to be at 
from 0.57 to 0.59 of pj, with 0.58 as the indicated mean value 
of the ratio. The C-points, as marked by short cross-lines, were 
then placed at exactly 0.58px on all the curves. Now if Napier's 
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formula is absolutely correct, we should have, letting a^ represent the 
least section of the jet, 

aoPi=70 . (121) 

By actual measurement of a^ the following results were obtained 
— a few small discrepancies in the lower values, within the limit 
of graphical accuracy, being smoothed out: 

Table 26 A. Data for Comparison with Napier's Formula. 



Pl 


«o 


«OPl 


Pi 


«o 


«OPl 


250 


.286 


71.5 


105 


.664 


69.7 


220 


.SU 


71.3 


90 


.771 


69.4 


195 


.364 


71.0 


75 


.920 


69.0 


170 


.416 


70.7 


60 


1.142 


68.6 


150 


.470 


70.5 


45 


1.510 


68.0 


135 


.520 


70 2 


30 


2.247 


67.4 


120 


.584 


70.0 


20 


3.340 


66.8 



An equation of relation found from these values of ajp^ is 

aoPi-»73 =61.55 (122) 

In Fig. 46 an equilateral hyperbola is drawn through the C-point 
for 120 lbs., marked Co: this curve F'CCoG' is continued across 
the small-scale low-pressure curves as GH. The axes of the hyper- 
bola are OM and ON, and it represents the assumption %p^=C. 
Note that it drops below the Opoints for high pressures and rises 
above them for low pressures, as the numerical values in Table 25 A 
would indicate. 

(c) Deduction from the Exponential Equations. — ^A result 
similar to that just set forth can be got by working from EJquations 
(71) and (61); and this alternate method will now be developed, 
because it shows another way of approaching the problem of the 
behavior of the steam-jet, and leads to some useful results. 

For adiabatic expansion we have 

PiV=PaV, (71) 

where n'=» 1.135 for Xj — l.OO: while the steam-volume formula 
for the dry-saturated condition is 



Pirj"»-»483, m- 1.065. 



(61) 
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Now for the work represented by the diagram ABCD in Fig. 45 
we have— flee { 7 (g)— 

-1210.7fti;,[l-(g)*"''J (123) 



From (61), 



1 «»-^ 
PiVi-483^Pi ^ «331.2piO«i<». .... (124) 



Then (123) becomes 

C/«1210.7X331.2piO«i03ri-(&y"^1 . . (1230 

This is the energy stored in the jet, in foot-pounds; and to get 
the velocity V we proceed as in (118), finding 

7-V64.32t7 = 16()60pi0305ri_ /ftV"®®"!* . . (i25) 
Now the specific volume of the expanded steam is 

Then for the area a we get 



o=144(r,^7) 
144X331 



V^(g)-»['-(^-"]-'- • <-> 



16060 
Whence 

.881 



ap.-»7^2.970 l^^^.„, (128) 

The discrepancy between the value of the exponent of p^ in 
this formula and that found by trial for Eq. (222) is due to the 
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fact that neither of the primary equations for this last discussion 
is in quite exact agreement with actual conditions. 

(d) Discussion op Equation (128). — ^To calculate by this 
formula a set of values of a such as that given in Table 24 A and 
plotted in Fig. 46 would involve at least as much numerical work 
as the method there used, with the disadvantage that a number of 
important intermediate quantities would be left undetermined. 
An attempt to investigate for the minimum value of {ap^-^"^) by 
the standard method of equating to zero the first derivative in 
terms of the pressure-ratio would involve one in a mathematical 
maze. But this equation serves one very useful purpose in that 
it brings out clearly the fact, suggested by Fig. 46, that the o-curves, 
if considered on a basis of pressure-ratio rather than of absolute 
pressure, are similar in form. In other words, for a given ratio 
of P2 to Pi, the ratio of a to a^ is the same for all the curves. This* 
is made apparent in Fig. 46 by drawing the hyperbola KBL through 
the initial point of the 120-lb. curve at B<, — the initial points of 
all these curves corresponding to P2=0.9pi, as before stated. It 
appears that the relation of this hyperbola to the B-points is simi- 
lar to that of the curve F'C'G'-GH to the C-points. 

(e) Curves op Discharge. — Having then the values of o^, 
given in Table 25 A or found by (122), we need only determine- and 
record the ratio of a to o^ for the full range of pressure-ratio in 
order to be able to compute the area of the pound-second orifice 
for any conditions, or, conversely, the discharge per square inch. 
This idea of using pressure-ratio as a base is first applied in Fig. 47, 
where the curves of Fig. 46 are redrawn on this system. This 
figure is intended to serve as a graphical table, from which can be 
read either the area of cross-section or the diameter of a pound- 
second jet of initially dry steam. The practically useful part 
of the diagram is that from the left margin to the choke-line CC: 
the part to the right of this line is added merely to show the char- 
acter of the beginning of the expansion of the jet. In laying out 
the curves, values of a are measured from the lower base-line, 
values of d from the top line, as indicated by the scales. The 
line PP is drawn to show how the pressure drops, the fuU height of 
the diagram representing the initifd pressure. 
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Fig. 47. — Curves of Discharge. 

Afl a test of the similarity of these curves, the following results 
were measured and computed from the original of Fig. 47, for 

Table 25 B. Data from Fig. 47. 



p,- 250 
a\- .286 
a- .433 


195 
.364 
.667 


150 
.470 
.720 


120 
.584 
.896 


90 

.771 

1.177 


60 
1.142 
1.736 


30 
2.247 
3.31 


20 
3.340 
6.07 


?-1.57 

«0 


1.53 


1.53 


1.53 


1.525 


1.52 


1.473 


1.62 



* Dropping the subscript, we shall henceforth use the plain symbol p for 
the variable lower pressure, P| still standing for the initial pressure. 
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It appears that these curves, while accurate enough for most 
purposes, are not to be depended upon for very precise results — 
the one for 30 lbs. showing an error of about 3 per cent.: but that 
the ratio of areas is substantially the same for a given pressure- 
ratio, for all the curves, seems to be quite well established. 

Example 1. — If steam flows from a vessel at 150 lbs. pressure into 
one at 120 lbs., through a properly shaped orifice of 1 sq. in. area, how 
much will be discharged in one minute? 

Here Pi-150, p-120, p/p^-.S. 

From the 150-lb. curve at 0.8 we read a -.55 sq. in., for 1 lb per sec; 
then 1 sq. in. will discharge 1-5- .55 - 1.82 lbs. per sec, or 109.2 lbs. per min. 

Note. — The question as to what b the proper shape of orifice for 
the securing of this full theoretical discharge will be discussed in } 27. 

(/) Expansion op the Jet. — ^The representation of the curves 
of Fig. 46 in the manner of Fig. 47 is completed in Fig. 48. Here, 
however, the pressure-ratio is not laid out to a uniform scale, as 
that would imduly separate the ordinates at the left, while crowd- 
ing those at the right. A better shape for the curves is got by 
making the abscissa proportional to the s quare root of the recip- 
rocal of the ratio p:Pi, that is, to Vpj -^p. The resulting variable 
scale of pressure-drop is given at the top of the diagram, and the 
manner in which the pressure varies is shown by the curve PP. 
Points on the curves corresponding to different absolute terminal 
pressures, from 15 lbs. to 2 lbs., are marked by small circles and 
joined by curves showing their relations. 

An interesting coincidence made evident by the shape of the 
d-curves is, that the kind of pressure-change assiuned in spacing 
the ordinates of this figure is what will occur in a conical nozzle. 

Drawn on section-paper with small divisions, and to a large 
scale, these curves would be useful for determining, with the 
fuUest accimicy needed in practice, the dimensions of the flaring 
nozzle which is essential to the production of a perfect steam-jet: 
that is, of a jet in which is realized the full utilization of energy 
described in § 25 (a). Thus in Fig. 44, the conditions being the 
same as those of Fig. 45, where Pi = 150 and Pa-»15, the diameter of 
the tube D is to the diameter of the throat C in the ratio of the 
numerical values 1.20" and .77" scaled from the d-cnrve for 150 
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in Fig. 48, or as 1.56 to 1. The curves as reproduced here are, 
however, m a form more useful for illustration than for accurate 
quantitative determinations. 




Before taking up a discussion of the shape of the confining 
nozzle and of other outside influences which affect the energy- 
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transformation in the development of the steam-jet, and before 
considering the various ways in which the energy of the jet is applied 
to the doing of useful work, we will put into a form still more 
convenient for general use the results of the computations em- 
bodied in Figs. 46, 47, and 48; combining the methods of § 24 (e) 
and of § 25 (c) as may seem advisable. 



§ 26. A General Determination of the Adiabatic Jet. 

(a) Scope op the Discussion. — In Figs. 49, 50, and 51, and in 
the accompanying tables are presented the following: 



600 




^0 t^/p J99 B7 .96 

Fig. 49.— Curves for Small Preseure-drop. 
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1. The velocity and the variation in sectional area of the jet 
formed by the adiabatic expansion of initially dry steam — shown 
graphically and also put into tabular shape for convenient numerical 
appUcation to any case. 



•doop 



2500 



2000 



1500 




1000 



500 



^ ^ .7 JB J5 il .3 Z J 

Fio. 60.— The Intennediate Range. 

2. The effect of moisture in the steam and of superheat — these 
intended to be illustrative rather than accurately quantitative. 

In this discussion, as in what precedes, we assume ideal condi- 
tions, eliminating all minor, secondary disturbing actions: con- 
sideration of these will come later. 

The three figures are similar in general terms to Fig. 47, the 
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base-line representing pressure-ratio to a uniform scale. Figs. 49 
and 51 show the extremes of the operation, spread out laterally, 
Fig. 50 the wide intermediate range: the several ordinate-scales 
are chosen with a view to the space available and the range of 




jQS ^ iOd .04 .02 

Fio. 51. — ^Terminal Conditions. 



JOO 



each group of curves, and are marked on the figure, that for V 
at the left, that for a/a^ at the right. Note that the areas of sec- 
tion are given, not in absolute measure, but as compared with the 
choke-area of the drynsteam curve, the same o^ as in the preceding 
section. 

These diagrams are all drawn from values computed for pi = 120 



158 



THE DYNAMICS OF STEAM. 



[Chap. V. 



Table 26 A 


.. Steam-jet Quaj 


^rriTIEfi 


i FOR JJ 


^1 = 120 


, X,-1.00. 


1 


2 


3 


4 


5 


1 


2 


3 


4 


5 


|i 


^1 

i 




1 


1 


"f 


1^ 


1! 

> 


1 

•8 


4* 

QQ 


^P 


u 


V 


a/oo 


K 


«P 


U 


V 


a/oo 


K 


.999 


64 


64 


14.31 


1002. 


.84 


11,034 


843 


1.267 


88.73 


.998 


128 


91 


10.06 


701. 


.83 


11,784 


871 


1.237 


86.61 


.997 


192 


111 


8.26 


579. 


.82 


12,542 


898 


1.209 


84.68 


.996 


256 


129 


7.11 


498. 


.81 


13,307 


925 


1.184 


82.93 












.80 


14,080 


952 


1.162 


81.38 


.995 


321 


144 


6.38 


447. 


.79 


14,861 


978 


1.143 


80.04 


.994 


385 


157 


5.86 


410. 


.78 


15,650 


1004 


1.126 


78.85 


.993 


449 


170 


5.44 


381. 


.77 


16,448 


1029 


1.111 


77.81 


.992 


514 


182 


5.08 


356. 


.76 


17,255 


1054 


1.098 


76.90 


.991 


578 


193 


4.78 


335. 


.75 


18,071 


1079 


1.087 


76.12 


.990 


643 


203 


4.54 


318. 


.74 


18,896 


1103 


1.077 


75.42 


.988 


772 


223 


4.14 


291. 


.73 


19,730 


1127 


1.068 


74.77 


.986 


901 


241 


3.85 


270. 


.72 


20,573 


1150 


1.059 


74.17 


.984 


1030 


257 


3.62 


253.5 


.71 


21,425 


1173 


1.051 


73.62 


.982 


1160 


273 


3.42 


239.5 


.70 


22,286 


1197 


1.044 


73.11 


.980 


1290 


288 


3.24 


227.1 


.69 


23,157 


1220 


1.037 


72.63 


.978 


1420 


302 


3.09 


216.4 


.68 


24,038 


1243 


1.031 


72.19 


.976 


1550 


316 


2.96 


207.3 


.67 


24,930 


1266 


1.025 


71.79 


.974 


1681 


328 


2.85 


199.6 


.66 


25,833 


1289 


1.020 


71.44 


.972 


1811 


341 


2.75 


192.6 


.65 


26,748 


1312 


1.016 


71.14 


.970 


1942 


3.53 


2.66 


186.1 


.64 


27,675 


1335 


1.012 


70.86 


.965 


2270 


382 


2.48 


173.9 


.63 


28,615 


1358 


1.008 


70.61 


.960 


2C00 


409 


2.33 


163.4 


.62 


29,569 


1380 


1.005 


70.40 


.955 


2931 


434 


2.20 


154.3 


.61 


30,538 


1402 


1.003 


70.25 


.950 


3204 


458 


2.09 


146.6 


.CO 


31,522 


1424 


1.002 


70.18 


.94 


3935 


503 


1.923 


134.7 


.59 


32,522 


1446 


1.001 


70.11 


.93 


4613 


545 


1.795 


125.7 


.58 


33,539 


1469 


1.000 


70.04 


.92 


5299 


584 


1.690 


118.4 


.57 


34,574 


1491 


1.000 


70.04 


.91 


5992 


620 


1.604 


112.3 


.56 


35,627 


1514 


1.001 


70.11 


.90 


6692 


655 


1.533 


107.4 


.55 


36,699 


1536 


1.002 


70.18 


.89 


7398 


689 


1.473 


103.2 


.54 


37,791 


1559 


1.003 


70.25 


.88 


8111 


722 


1.421 


99.53 


.53 


38,903 


1581 


1.005 


70.40 


.87 


8831 


754 


1.376 


96.37 


.52 


40,036 


1604 


1.008 


70.61 


.86 


9558 


785 


1.336 


93.57 


.51 


41,191 


1627 


1.012 


70.86 


.85 


10,292 


814 


1.300 


91.05 


.50 


42,368 


1650 


1.016 


71.14 
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«p 


U 


V 


a/ao 


K 


«P 


U 


V 


a/oo 


K 


.49 


43,570 


1674 


1.020 


71.44 


.24 


83,950 


2324 


1.386 


97.10 


.48 


44,790 


1697 


1.025 


71.77 


.23 


86,170 


2355 


1.423 


99.60 


.47 


46,040 


1720 


1.030 


72.13 


.22 


88,480 


2386 


1.462 


102.4 


.46 


47,310 


1744 


1.036 


72.53 


.21 


90370 


2418 


1.503 


105.3 


.45 


48,610 


1767 


1.042 


72.97 


.20 


93,360 


2451 


1.546 


108.3 


.44 


49,940 


1791 


1.049 


73.45 


.19 


95,950 


2484 


1.692 


111.5 


.43 


51,290 


1816 


1.056 


73.97 


.18 


98,673 


2519 


1.640 


114.9 


.42 


52,670 


1840 


1.064 


74.53 


.17 


101,540 


2556 


1.691 


118.4 


.41 


54,080 


1865 


1.073 


75.13 


.16 


104,570 


2594 


1.744 


122.1 


.40 


55,520 


1890 


1.082 


75.78 


.15 


107,800 


2634 


1.803 


126.3 


.39 


66,990 


1915 


1.092 


76.48 


.14 


111,250 


2676 


1.873 


131.2 


.38 


58,500 


1940 


1.103 


77.25 


.13 


114,980 


2720 


1.960 


137.3 


.37 


60,040 


1965 


1.115 


78.09 


.12 


119,020 


2767 


2.072 


145.1 


.36 


61,610 


1991 


1.128 


79.01 


.11 


123,440 


2818 


2.220 


155.4 


.36 


63,230 


2017 


1.142 


79.99 


.10 


128,280 


2873 


2.420 


168.8 


.34 


64380 


2042 


1.157 


81.04 


.09 


133,570 


2931 


2.63 


184.2 


.33 


66,570 


2058 


1.173 


82.16 


.08 


139,410 


2994 


2.87 


201.0 


.32 


68,300 


2094 


1.190 


83.36 


.07 


145,840 


3063 


3.14 


219.9 


.31 


70,080 


2121 


1.208 


84.64 


.06 


153,120 


3139 


3.52 


246.5 


.30 


71,900 


2149 


1.228 


86.00 


.05 


161,500 


3223 


4.01 


280.9 


.29 


73,770 


2178 


1.249 


87.46 


.04 


171,200 


3318 


4.77 


334.1 


.28 


75,690 


2206 


1.271 


89.04 


.03 


182,900 


3430 


6.98 


418.8 


.27 


77,670 


2235 


1.296 


90.77 


.02 


200,000 


3587 


8.17 


653.9 


.26 


79,700 


2264 


1.323 


92.68 


.01 


228,900 


3837 


14.53 


1018. 


.25 


81,790 


2294 


1.354 


94.79 


.00 


281,600 


4256 


00 


00 



lbs. abs., the pressure for which, according to Table 25 A, Napier's 
formula agrees exactly with the theoretical deduction; and which is 
taken as a good representative mean value. 

The curves are distinguished by marking them with the par- 
ticular value of x^ belonging to each. The initially superheated 
curve is drawn for a degree of superheat which will make the initial 
volume exceed by 20 per cent, that for dry saturated steam, which 
corresponds to x, =1.00; and by a sort of analogy, hmited strictly to 
volumes, as distinguished from heat-quantities, this state is indi- 
cated by letting Xj be 1.20 and marking the curve with this value. 

(6) The Case op Steam Initially Dry.— In Figs. 46, 47, 
and 48, and the accompanying text, this case is covered by work- 
ing out fully the curves for a large number of imtial pressures. 
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By interpolation in Table 24 A or on the diagrams, values can be 
got for intermediate conditions. In Figs. 49, 50, and 51, and 
especially in Tables 26 A and 26 B, this same matter is put into 
more convenient shape for general numerical application. 

(c) In Table 26 A the following quantities are given : 

Col. 1. The " independent variable," the abscissa of the dia- 
grams, is the ratio of the changing lower pressure p to the fixed 
initial pressure p^, so that Rp^^p-i-Pi- 

Col. 2. The quantity U is the same thing as £ in Tables V. 
and 24 A, but the energy is here reduced to F.P. instead of being 
expressed in H.U. 

Col. 3. y is the velocity of the steam corresponding to the 
kinetic energy U, 

Items 2 and 3 belong to the particular initial pressure for 
which the table is worked out. 

Col. 4. gives the ratio of the cross-section at any pressiu*e to 
the least area of section, at the choke. Assuming that the curves 
are similar for different initial pressures, this column is of general 
appUcation. 

Col. 5. The divisor K is analogous to the constant 70 in Napier's 
formula, the equation for the rate of flow past any particular 
cross-section of the jet (that at which the pressure has any value 
p) being, in the same terms as (120), 

W-=f (129) 

These values of K belong to this particular pressing; they 
are got by multipMng the special choke-area 0,,= 70.04 by the 
general ratios of areas given in Col. 4. 

Cols. 3 and 4 are represented by the curves marked 1.00 in 
Figs. 49 to 51 : all the quantities are here reduced to close numerical 
expression, and the smallness of the divisions faciUtates interpola- 
tion. The divisions are especially close over the first part of the 
range, which covers the conditions of the flow of steam in pipes, 
where the pressure-drop is small. 

(d) Table 26 B, through which the full determination of 26 A 
is applied to any case, may be described — and its use illustrated — 
as follows: 
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Table 26 B. Constants for Different Initial Pressures. 



1 


2 


8 


4 


5 





7 


Pi 


^U 


i^r 


Ba 


oo 


Ko 


«x 


250 


1.0458 


1.0226 


.4896 


.2858 


71.46 


1.0201 


240 


1.0432 


1.0214 


.5094 


.2974 


71.38 


1.0191 


230 


1.0405 


1.0201 


.5310 


.oUilv 


71.28 


1.0177 


220 


1.0377 


1.0187 


.6545 


.3236 


71.19 


1.0164 


210 


1.0347 


1.0172 


.6801 


.3386 


71.11 


1.01:53 


200 


1.0317 


1.0155 


.6083 


.3661 


71.02 


1.0140 


190 


1.0284 


1.0141 


.6396 


.3733 


70.92 


1.0126 


180 


1.0250 


1.0124 


.6740 


.3934 


70.81 


1.0110 


170 


1.0215 


1.0107 


.7125 


.4159 


70.70 


1.0094 


160 


1.0177 


1.0088 


.7668 


.4412 


70.68 


1.0078 


160 


1.0137 


1.0068 


.8060 


.4698 


70.47 


1.0061 


140 


1.0095 


1.0047 


.8607 


.5024 


70.34 


1.0043 


130 


1.0049 


1.0024 


.9250 


.5400 


70.20 


1.0023 


120 


1.0000 


1.0000 


1.000 


.6837 


70.04 


1.0000 


110 


.9947 


.9974 


1.088 


.6353 


69.88 


.9976 


100 


.9889 


.9946 


1.194 


.6969 


69.69 


.9961 


95 


.9858 


.9929 


1.266 


.7327 


69.61 


.9939 


90 


.9826 


.9913 


1.323 


.7722 


69.51 


.9924 


85 


.9792 


.9895 


1.399 


.8164 


69.39 


.9908 


80 


.9766 


.9877 


1.484 


.8660 


69.28 


.9892 


75 


.9717 


.9858 


1.580 


.9221 


69.16 


.9874 


70 


.9676 


.9837 


1.690 


.9862 


69.03 


.9866 


65 


.9633 


.9815 


1.816 


1.0596 


68.89 


.9836 


60 


.9586 


.9791 


1.963 


1.1455 


68.74 


.9814 


65 


.9535 


.9765 


2.136 


1.2469 


68.58 


.9792 


60 


.9480 


.9736 


2.344 


1.368 


68.41 


.9767 


45 


.9419 


.9705 


2.597 


1.516 


68.22 


.9740 


40 


.9351 


.9670 


2.912 


1.700 


68.00 


.9709 


35 


.9276 


.9631 


3.316 


1.936 


67.76 


.9674 


30 


.9189 


.9586 


3.853 


2.249 


67.47 


.9633 


25 


.9087 


.9533 


4.601 


2.686 


67.16 


.9587 


20 


.8964 


.9468 


5.717 


3.337 


66.74 


.9529 


15 


.8808 


.9385 


7.563 


4.416 


66.23 


.9456 


10 


.8593 


.9270 


11.221 


6.550 


65.60 


.9352 


5 


.8237 


.9076 


22.028 


12.867 


64.29 


.9179 



Col. 1 . Pi is the initial pressure in pounds per square inch absolute, 
from which the expansion is to begin, with x, = 1 .00, for any case. 

Col. 2. Ru is the ratio of the jet-energies, comparing the 
energy due to expansion from any p^ to RpXPi with that due to 
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expansion from 120 lbs. to RpXl20, as shown by Col. 2 of the 
last Table; it is found through Eq. (123), which, for a given value 
of Rp or p/p^, leads to 

\.06103. 

^Ru' (130) 






Col. 3. i2|r IB a similar ratio of velocities, got from Eq. (125), 
so Ihat 

i?r-(^)'''^=V^^. • . • . (131) 

Example 1. — To show the use of these two ratios, take the case of 
expansion from 150 lbs. to 1.5 lbs. in a perfect jet. The Rp with which 
we enter Table 26 A is .01 ; and for this value 

C/i^- 228,900, 7uo-3837. 

Now from this Table, for pj - 150, 

iei7-1.0137, l/-228,900X1.0137-231,500 P.P. 
i^r- 1.0068, 7-3837X1.0068-3863 F.P.S. 

Col. 4. Ra is the ratio between similarly located areas in jets 
starting from p^ and from 120 respectively. It applies over the 
whole range of pressure-drop, being the proportionality-ratio of 
similar curves, such as those on Figs. 47 and 48. It can be got 
from Col. 5 by simple division, or can be worked out independently 
by means of Eq. (122), from which we get 

R.-'-lm"' (132) 

Col. 5. These values of the choke-areas, each for its pj, can 
be computed from Eq. (122); or, if that has already been used 
to get Ra, can be found by multiplying the a^ for 120, or .584, by 
the particular fla. 

Example 2. — With an initial pressure of 200 lbs. absolute, what 
would be the area of a jet discharging .25 lb. per sec, at the point where 
the pressure had dropped to 20 lbs.? 

Here ao-.355 sq. ins., either read directly from Col. 5, or found by 
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.584 X. 608 -.355 (that b, a^ for 120 multiplied by R, for 200). Now 
for i2p-0.1 we get from Table 26 A, Col. 4, 

a - 2.410 oo - 2.410 X .355 - .856 sq. in. ; 
and for one-quarter of a poimd per second the area would then be .214 
sq. in. Note that the value of a, .86 sq. in., could be got roughly by 
interpolation on the 0.1 line in Fig. 48. 

Col. 6. Kq is the Napier divisor, corresponding with a^p^ in 
Table 25 A, and found by evaluating this product a^pj, using 
Cols. 1 and 5. Compare Cols. 5 and 6 of this Table with the simi- 
lar quantities in Table 25 A. 

Col. 7. Rz is the ratio of eiwh K^^ to that for 120, found by 
direct division. It can be used for modifying Col. 5 of Table 26 A 
so as to fit any case, since all other similarly located K's are in the 
same ratio as the K^^s, 

Example 3. — How much steam will be discharged through an orifice 
of 1 sq. in. area from a chamber at 90 lbs. into one at 75 lbs.? 

Here Rp - .833, and from Table 26 A, Col. 5, iC is found by interpola- 
tion to be 87.3. This would be for Pi - 120; for pj - 90 we must multiply 
it by Rk - .9923, getting 86.6 as the corrected value. Then by substitu- 
tion in the general formula (129), 

W'-a^ - 1.0-^ - 1.039 lbs. per sec. 
A oo.o 

This Rk, with the X-values in Col. 5 of Table 26 A, furnishes the 
simplest solution to the problem stated in this example. 

By means of these two tables all questions as to the dimensions 
of the ideal steam-jet with steam initially dry-saturated can be 
answered with a degree of accuracy quite sufficient for any prac- 
tical purposes. 

(e) Mixtures of Steam and Water. — ^The curves on Figs. 49 
to 51, for values of Xj from .80 down to .00, are laid out from com- 
putations made according to the methods of § 24 ((I). As an 
example of these methods, take the case where Xi = .60, p/p^ or 
i?p = .9, and find values of U, F, v, a, etc.: 

From an adiabatic table Uke Table V., but with a different set 
of values of p,, the limiting values of E and v are, for p, = 108 lbs., 
E -8.603, £o - 079, E^ =8.524 H.U. 

v, -4.055, Vao = 055 cu. ft. 
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Now 



or 



JS?.e-£?o+.6Bj = .079+5.114=5.193 H.U., 
C7«778X5.193-4040F.P. 



From this 

7 =V64.32X 4040 =509.8 ft. per sec. 
Again, 

v-.055'f .6X4.000 =2.455 cu. ft. 
and 

a=144^=144^^=.693 sq. ins. 

For a:i«1.00, ao=.584 sq. Ins., so that a/Oo =.693 -^.584= 1.186; 
on the diagram, which was drawn from slide-rule computations, 
the corresponding value is about 1.19. 

The steam-expansion diagrams for this whole series of curves 
are given in Fig. 52, similar in general terms to Fig. 45. These 
diagrams make graphic the changes in the energy of the jet and 
in the specific volume of the steam, caused by variation in the 
initial steam-fraction x^ — the intermediate adiabatics dividing the 
space between cmre 1.00 and cmre .0 into five equal parts. It 
will be noted that, in order to show both ends of the expansion 
with reasonable clearness, it was necessary to adopt a device just 
the reverse of that used when combining indicator-cards from a 
compound engine — enlarging the pressure-scale and shortening up 
the volumes in the lower part of the diagram. In this particular 
case, the two changes are in the same ratio, pressures being five 
times, volumes one-fifth, as large in II. as in I.: as a result, the 
work-scale per unit of area is the same for both parts of the diagram, 
and they are directly comparable. This figure brings out clearly 
the importance of the expansion into the vacuum-range, below 
the line of atmospheric pressure, especially when the expansion- 
curve is carried clear down to the Une of back-pressure, instead of 
being chopped oflf short as in the ordinary engine. 

An interesting point to be noted on Fig. 51 is the way that 
the F-curves meet the line of zero pressure, at the right edge of the 
diagram. The terminal points are not determined accm-ately here. 
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the curves being simply carried forward from the lowest com- 
puted value, at ;> = 1 lb. or Rp = .00833. This brings out clearly the 
fact that, even though v goes to infinity for p=szero, Pig. 52, the 
area of the expansion diagram has a finite limit. 
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Fig. 52. — Preesure-volume Diagrams for Figs. 49 to 51. 



(J) Superheated Steam. — ^The effect of initial superheat is 
illustrated by the curves marked 1.2, as explained in (a). Com- 
putations for the upper part of this curve were made by the expo- 
nential method, using Eq. (72), 

With this index n =1.333, the expansion-curve in Fig. 52 will 
drop much more rapidly than the curve of constant steam-weight, 
for which n = 1.065. The latter is drawn in as BC, for 0:4 »= 1.00, 
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and the adiabatic 1.2 crosses it at C, at about 45 lbs. pressure — 
which means that the steam passes, at this point, from the super- 
heated to the saturated state. From here on the index will be 
1.135, according to Eq. (71). 

In making the calculations for curve 1.2, the change of index 
from 1.333 to 1.135 was not made abruptly, but a shading-off 
effect was introduced, n being gradually decreased in successive 
5-lb. intervals as the adiabatic approached BC. The manner of 
this variation is a matter of judgment, as the behavior of super- 
heated steam near the saturation-curve is not known precisely. 

A noticeable fact is the small relative value of the superheat, 
which value decreases as the pressure falls. The amount of heat 
put into the steam in order to produce a given change of volume 
during superheating at constant pressure is so much less than 
that involved in an equal volume-change during evaporation, that 
it represents a comparatively small part of the internal energy 
upon which draft is made during a subsequent adiabatic ex- 
pansion. 




t.0 hl 12 iv: (4 v, i& vi la zd 22 za 
Fig. 63. — Curves of Comparison. 
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{g) Comparison of Curves for Different Initial States. — 
Glancing over the curves on Figs. 49 to 51, we note a general 
similarity in form, which becomes greater as the pressure drops. 
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As Xi decreases, the curves depart from those for a:, = 1.00, at an 
increasing rate. An approximate locus of the choke-point is 
sketched on Fig. 50, at (X, showing how this point is reached 
earlier in the expansion as the initial fraction of water is greater. 
As to the o-curve for 1.2, soon after passing its choke-point it 
reaches a place where the increase of V and that of v over the 
corresponding values for aJi = 1.00 are in the same proportion; 
and from there on these two curves agree, the differences shown 
by the calculated values being too small to appear on the diagram. 
In Fig. 63 and in Table 26 C, a comparison between these curves 
is expressed in quantitative terms: corresponding curves and 
columns in the table are designated by the same number. In the 
figure, x^ is the independent variable, measured vertically; and 
the abscissas have various meanings, being measured according 
to the several scales marked along the top and bottom of the 
diagram. Described in detail, the matters here set forth are as 
follows: 

I. This Oo is the choke-area for each condition, in terms of that 
for aJi=1.00. It will be noted that most of the quantities given 
are, like this one, ratios rather than absolute quantities in any 
particular measure. 

II. Kq is the number by which a^p^ (a© in square inches, here) 
is to be divided in order to get the weight discharged per square 
inch of choke-area. The question as to how nearly constant this 
Kq is, for low values of Xj, as Pi varies, has not been gone into: 
it would be a matter of interest, though of no practical impor- 
tance in this connection, to fix the constants of formulas analogous 
to (122) and (129), for hot water. 

III. W, the reciprocal of a^ in I., is the relative weight dis- 
charged through a certain area of choke from the various states. 
It increases quite rapidly with the proportion of water: but a 
comparison of the rate of efflux of hot water with that of cold water 
under the same pressure-conditions would show that the latter is 
much greater; the reason appears when we note how very small 
a portion of the pressure-drop is available to accelerate the jet of 
hot water before the choke is reached — see the o-curve for a;i=.00 
on Fig. 49. 
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Table 26 C. The Effect, upon the Steam-jet, 

i. ii. iii. iv. v. vl 













«a 




Xi 


Oo 


Ko 


W 
















0.2 


0.1 


.01 


1.2 


1.030 


72.1 


.971 








1.1 


1.160 


71.1 


.984 








1.0 


1.000 


70.0 


1.000 


1.000 


1.000 


1.000 . 


.9 


.954 


66.8 


1.049 


1.005 


1.010 


1.016 


.8 


.905 


63.4 


1.106 


1.015 


1.024 


1.033 


.7 


.849 


59.4 


1.178 


1.024 


1.039 


1.054 


.6 


.790 


55.3 


1,267 


1.036 


1.055 


1.080 


.5 


.727 


50.9 


1.376 


1.053 


1.078 


1.122 


.4 


.660 


46.1 


1.515 


1.07 


1.11 


1.18 


.3 


.589 


40.9 


1.697 


1.10 


1.16 


1.26 


.2 


.509 


35.0 


1.963 


1.14 


1.23 


1.39 


.1 


.396 


27.4 


2.525 


1.23 


1.39 


1.68 


.0 


.217 


15.2 


4.61 


2.22 


2.47 


3.02 



rV., v., VI. These curves compare the ratios of expansion of 
the jet, each in terms of its own choke-area. The numbers 0.2, 
0.1, .01, at the heads of the columns, are values of Rp, the ratio 
of pressure-drop which forms the base in Figs. 49 to 51, three 
particular cases being investigated. As an illustration, let a be 
the area at p^OAp^: then for curve 1.00, a/ao=2.420, from 
Table 26 A; for curve .20, a'=1.515*ao, from Fig. 50; while < = 
.509 ao as above; therefore ayao' = 1-515 4- .509 =2.976, and the 
ratio of the two jet-expansion ratios is flo =2.976-^2.420 = 1.23. 
What we show by these curves is how much the rate of area- 
growth of initially wet jets exceeds that of the jet from dry 
steam. It will be noticed that the difference in relative propor- 
tions increases as the terminal pressure is lower. 

YLL, VIII., IX. For the same limits as the preceding set of 
three curves, these show how the energy of any jet compares with 
that of the 1.00 jet, when expanded through the same range. The 
" curves" are, of course, straight lines, the energy varying exactly 
as the steam-fraction: the base, the energy U of the dry jet, is a 
different quantity for each column. 
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OF Variant Initial Composition. Table 26 C. 

VII. VIII. IX. X. XI. xn. 



*l 




^u 






R^XW 




0.2 


0.1 


.01 


0.2 


0.1 


.01 


1.2 


1.104 


1.092 


1.063 


1.071 


1.060 


1.032 


1.1 














1.0 


1.000 


1.000 


1.000 


1.000 


1.000 


1.000 


.9 


.906 


.908 


.913 


.950 


.953 


.958 


.8 


.812 


.816 


.826 


.898 


.902 


.913 


.7 


.718 


.724 


.740 


.845 


.852 


.871 


.6 


.624 


.632 


.653 


.790 


.800 


.827 


.5 


.530 


.540 


.566 


.729 


.743 


.779 


.4 


.436 


.449 


.480 


.660 


.681 


.728 


.3 


.342 


.357 


.393 


.580 


.606 


.667 


.2 


.248 


.265 


.306 


.487 


.520 


.601 


.1 


.154 


.173 


.219 


.389 


.437 


.553 


.0 


.060 


.081 


.132 


.276 


.374 


.608 



X., XI., XII. The preceding comparison is for jets of the same 
rate of flow, measured in weight/time. Multiplying this R^ by 
the relative weight W, we get a ratio of energies per unit of area 
of cross-section of throat of jet. 

On the superheated side, the one determination made is not 
enough to fix the shape of the curves: those that are extended 
above a;i = 1.00 are simply carried up as straight lines, and have 
only a roughly illustrative value. 

(A) Notes on Methods of Computation. — Before leaving this 
part of the subject, it may be well to call attention to a few special 
points in connection with the computations preliminary to the 
laying out of Figs. 49 to 51. 

In making up the adiabatic table for pj = 120, it was found that 
the methods of § 24 (c) could not be altogether depended upon 
for accurate results in the upper part of the table, above p^.Sp^. 
Thus, down to p = 108 lbs., it was necessary to modify slightly 
the values of E, got by (116), in order to have them increase 
smoothly; although this correction, ranging in value from .01 
to .04 H.U., was not greater than the possible inaccuracy of com- 
putation with 5-place logarithms. 
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The correction just described is of practical insignificance; but 
in the finding of Eq, which, while itself a small quantity, must 
nevertheless be quite accurately determined if we are to measure 
closely the energy expended in the first part of the expansion of 
hot water from high pressure, greater difficulty was encountered. 
The subtraction of E^ from E, used farther down in the table, as in 
Table V., was not satisfactory; and in trying to get E^ by Eq. (116}, 
making Xi=0, it was found that, down to p = 108 lbs., (^2 +^''2) 
came out equal to q^, instead of being less by an appreciable and 
increasing amount. Resort was then had to the simple mechanical 
method of di^dding the upper part of the diagram, like Fig. 45, 
into horizontal strips of the width Jp = l lb., finding the mean 
of the initial and final volumes during this pressure-drop of 1 lb., 
and getting the area in foot-pounds by JL^g = 144JpXt?m = 144vni; 
or in heat-imits by JjE=.185i?m* then by adding these partial 
values cumulatively, successive EqS were obtained. This method 
was used do^-n to p=96 lbs., where it was found to come into 
agreement with Eq=E—E^. The v^s were computed in the regular 
manner, from Vjo =^30+^^2- 

Fig. 24 shows that Zeuner's exponental adiabatic formula, 
Eq. (71), fails for values of x^ below .6. In connection with the 
difficulty above described, an effort was made to find out whether 
a different index would give suitable curves; but it soon became 
apparent that adiabatics for mixtures in which the water-weight 
predominates CAnnot be represented by an equation of the form 

§ 27. Form and Influence of the Nozzle. 

(a) General Statement. — ^The preceding determination of 
the form of the steam-jet, made in § 24 and elaborated in the 
next two sections, while it is fully worked out along certain lines, 
is yet not quite complete. Based upon the fundamental assump- 
tion that there is no loss or deflection of available energy in the for- 
mation of the jet, definite relations have been found between 
internal pressure on one hand and velocity and sectional area on 
the other; but all questions as to the manner of the pressure-drop, 
with reference to distances along the center-line of the jet, have 
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been left for settlement to the confining surface, that is, to the 
nozzle. It has been assumed that the shape of the nozzle, and 
the consequent play of guiding and of internal forces, is such as 
will accompany and help to produce the desired perfect transforma- 
tion of energy into the kinetic form. 

Now it is evident that within the jet certain definite, limited 
forces act upon a limited mass of steam; so that there must be 
a limit to any force-effect, as, for instance, to the rapidity with 
which the jet can change its area of cross-section. As a pre- 
liminary, then, to the study of the influence of different shapes 
of the confining body and of different conditions of dischai^, 
we will now take up an investigation into the force-action within the 
jet; and especially will try to determine the shape which the jet 
tends to assume under the action of its own internal forces, alone, 
the externally applied guiding forces being eliminated as far as 
possible. This discussion will be partly only in general terms, 
but will lead also to some quantitative results. 

^c , c. 




Fig. 54.— The NaturalJet. 
I. Stream Lines. II. Loci of Uniform Condition. 

(b) The CoNnrnoNS wjthts the Jet, as to motion and as to 
force, are partly illustrated in Fig. 54. I. shows the lines of flow, 
along which the several small streams or filaments of the jet tend 
to travel: these converge to the choke at B, then diverge. The 
shape of any one of these stream-lines — that is, the path of any 
minute portion of the vapor — is the resultant effect of a linear 
velocity along the line of travel, of a direct acceleration along 
this line, which is due to the expansion of the steam and increases 
the velocity, and of a transverse acceleration, at right angles to the 
velocity and continually deflecting it outward. The limit of curva- 
ture is reached when the centrifugal force of the stream, on account 
of the curved path, just equals the expansive pressure which 
pushes it away from the center-line. 
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It is now apparent that a certain condition as to pressure, 
velocity, and energy of the steam will exist, not in a plane section 
of the jet, but over a curved surface. On a longitudinal section 
of the jet these surfaces of uniform condition will trace the curves 
shown in Fig. 54 II. The area a worked out for Figs. 46 to 51 is 
really the area of this curved surface: which surface is at all points 
perpendicular to the lines of flow. When, however, the nozzle 
diverges but slowly, then the error caused by taking a as a plane 
cross-section is insignificant. 
I. 





Fig. 55. — ^Different Shapes of Nozzle, 
(c) The Free Jet. — ^The problem of finding the limiting form 
of the jet is set forth graphically in Fig. 55. Here I. represents a 
nozzle of such slow expansion that the transverse acceleration of 
the outer streams calls for only a very small force. But suppose 
that the nozzle, keeping the same transverse dimensions and a 
generally similar form, is shortened up; as the curvature of the 
profile BC increases, the accelerating force required to make the 
outer streams travel along this path likewise increases, leaving a 
decreasing proportion of the internal pressure free to be exerted 
by the jet upon the nozzle. At the limit, the jet will just touch the 
guide-surface, without any pressure being felt between them: and 
this condition is supposed to be represented in II. If the nozzle 
is still further shortened, as in III., the jet will not follow it; but 
will, if not modified by such actions as the ''picking up'* of the 
surrounding atmosphere, keep the shape shown in 11. 
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The drag of the surrounding atmosphere — ^whether of air or 
of steam, at rest (comparatively) — is eliminated by imagining the 
discharge to be into a perfect vacuum, of unlimited absorbing 
power. And the problem to be solved may therefore be stated as 
follows: 

Into what shape will the steam-jet naturally fall if the dis- 
charge is from the orifice into a perfect vacuum? — ^by ''orifice" 
is meant the entrance-portion AB of the complete nozzles shown 
in Figs. 54 and 55. Or, from the other point of view, what form 
is to be given to the flaring nozzle, beyond the choke, in order that 
it may just touch the jet, without pressure between them? 

(d) The Internal Force-actigns are illustrated in Fig. 56, 
which shows an element of the jet included between two of the 
curved section-surfaces of Fig. 54 II., sepa- 
rated by the distance ds. This may be 
thought of as a portion of Fig. 55 II., en- 
larged. There are two force-actions to be 
considered, one along the stream-lines, or 
linear, the other at right angles to these 
lines, or transverse. 

In regard to the first, we note that the 
linear pressure Pl is uniform all over the sur- 
face of the element : but it decreases by the 
amoimt dp in the passage from one sur- 
face to the other, through the distance ds. 
This unbalanced pressure dp, upon the area 
a, is what accelerates lineally the mass of the element, whose 
volume is ads. 

At the center, where the stream-lines are straight, the trans- 
verse pressure pr» or the internal stress in the vapor, is the same 
as Pl« But passing from the center outward, we see that each 
stream-line is a little more curved than the one within it, so that 
there must be a continual increase in the centripetal accelerating 
force (the center toward which the acceleration is effected being 
the instantaneous center of curvature of the stream-line). Then 
in the free jet, pr drops, in a manner yet to be determined, from 
the full value Pl or pj at the center to zero at the circumference 
of the section. The meaning of the decrease of pr is, that more 




Fig. 56. — Forces in an 
Element of the Jet. 
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and more of its original value is used to produce acceleration or 
overcome inertia; and if we call the accelerating force /, the rela- 
tion holds, 

/+Pr=Pi (133) 

Now we have only to express definitely the transverse accel- 
erating force and the mass on which it acts in order to get a value 
of the acceleration; and this must equal V^/R^ as in any case of 
travel in a curved path; so that we shall have found a relation 
between the velocity of the jet and the radius of curvature of 
the stream-line. 

These quantities, R and F, are indicated on Fig. 55 III.; and 
in Fig. 56, at the top, is set forth the manner of change of F, as 
described in (6). We see the initial velocity F, and the time-effects 
of the two accelerations, A^, linear and -It transverse; and at 
the end of a time rf/, F will have a new value which will be the 
resultant of these three velocities. 

(e) Transverse Acceleration op the Stream-lines.— The 
relation between force and mass in this action is reasoned out 
as follows: 

A. The density of the vapor must be the same throughout the 
curved section-element shown in Fig. 56, because the linear pres- 
sure is uniform. 

B. If the streams are to flow smoothly side by side, without 
interweavings and eddies wasteful of energy, then successive cross- 
sections of the jet must be geometricaUy similar figures. That is, 
if the jet be separated at any particular cross-section, by imagi- 
nary divisions, into a number of streams of a certain shape, and 
if these streams be kept separate, or their divisions be carried 
forward, then at all succeeding cross-sections their shapes must 
be similar. From this it follows that the transverse acceleration 
must increase uniformly from zero at the center to a maximum 
at the rim of the section; for it is as the result of this acceleration 
that the streams move outward as the jet advances, and the rate 
of departure must vary directly as the proportional distance of the 
stream from the center of the jet. 

C. To find the rate of pressure-drop which corresponds with 
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the preceding conditions, consider Fig. 67, which shows another 
view of the thin cross-eectional divi- 
sion of Fig. 56. An annular element 
of this sUce, of the width dr at the 
mean radius r, will have the volume 
27crdrdSj and the mass 



Af = — drds\ 
vg 



(134) 




where v is the specific volume of the 
steam in the jet at p^. Now the force Fig. 57.— A Sectional Element 
acting to accelerate this mass is the of the Jet. 

pressure-difference dp, acting outward over the linear area 270' da 
of the ring, or 

F=^27vrdpd8 (135) 

If the acceleration a, equivalent to force divided by mass, 
is to vary directly as the distance from the center, we have for its 
determinmg equation 



a = 



M 



dp 1^ 
-vg-£-br; 



(136) 



where & is an imdertermined coefficient. 

Transforming (136), and integrating between the limits 
and r, or p^ and p, we get 

/ —vgdp=^ I brdr, 
J v\ Jo 

the first member of the equation having the minus sign because 
acceleration increases as pressure decreases. From this, 

vg{p^-p) or vgf^ibr^; (137) 

which shows that the curve of 
"'7^^'^^^^"""" pressure-drop, laid out on a radial 
6ase-line OA in Fig. 58, will be a 
parabola. 

Now when /=Pi, r=rj; and from 
B (137), 

Fio. 68. — Diagram of Pressure- 
variation. 







(138) 
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Substituting back in (136), we get the general value 

a^2vgr^^ (139) 

and for the acceleration of the outer stream-line, where r ^r^, 

a,-2vA (140) 

'i 

It is interesting to note that this is the same acceleration as* 
would be produced if the whole mass of the element were concen- 
trated in a ring at the outer circmnference, and a force equal to 
/i or Pi per unit of area were to act upon it. The total force would 
be, omitting the thickness-factor cte, since it would appear in both 

expressions, 

F=27cr{p^. 

The volume is tct^^ and the mass 

Then 

<^=J=2t^ ^^^') 

It will be seen that the preceding discussion, beginning with 
Fig. 57, is only approximate, in that it uses the plane-section ele- 
ment. Either of the above methods of deriving a value of the 
acceleration could be appUed to the true curved element; but it 
is obvious that the exact mathematics of the subject would be very 
complex. Since any actual nozzle will be far within the limit of 
spread, a good enough determination of this limit can be made by 
approximate methods, which will now be appUed. 

(/) Profile op the Free Jet. — ^The primary equation upon 
which a determination of the shape of this curve must be based is 

^'=2t^; (141) 

the subscripts being dropped from Pi and r^ of (140); from which 
we have 

r V^ 
2gpv 
To work along mathematical lines and estabUsh an equation 
for the jet-profile, we should have to follow the methods of § 25 (c), 
using the exponential formulas. From Eq. (123), keeping n in 
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literal form, and dropping the factor 144 because p must be in 
pounds per square foot to give a consistent value in (135), we get 

and the substitution of this value of 7' in (142) gives 

n-1 pi?L \Pi/ J 
From Pi»i»* =jw", it is easy to get 

p» \p/ 



Whence 



fi-=rX 



n \pj 



n-1 



p\n-l ' 



or, for n= 1.135, and using Rp for p/Pi, 

Rj,.ns9 • 



fi=rX8.41- 



Table 27 A. Data fob Jet-pbofilb, 



(143) 



(144) 



(146) 



Bp 


r 


m 


R 


Bp 


r 


m 


B 


.95 


1.446 


.051 


.074 


.35 


1.070 


1.118 


1.196 


.90 


1.239 


.106 


.131 


.30 


1.110 


1.285 


1.425 


.85 


1.140 


.164 


.187 


.25 


1.164 


1.508 


1.755 


.80 


1.080 


.226 


.244 


.20 


1.244 


1.775 


2.208 


.75 


1.043 


.293 


.306 


.16 


1.321 


2.075 


2.74 


.70 


1.022 


.364 


.372 


.13 


1.400 


2.308 


3.23 


.65 


1.008 


.442 


.446 


.10 


1.553 


2.648 


4.11 


.60 


1.001 


.526 


.527 


.08 


1.696 


2.942 


4.99 










.06 


1.877 


3.34 


6.27 


.575 


1.000 


.572 


.572 


.05 


2.000 


3.60 


7.20 










.04 


2.184 


3.92 


8.55 


.55 


1.001 


.620 


.621 


.03 


2.445 


4.35 


10.64 


. .50 


1.008 


.722 


.728 


.02 


2.86 


4.98 


14.25 


.45 


1.021 


.838 


.855 


.01 


3.81 


6.13 


23.30 


.40 


1.041 


.967 


1.007 











To get a complete mathematical solution of the problem, it 
would be necessary to find an expression for r in terms of p or 
Rp — ^which is easily enough derived, but is rather complex, as 
might be gathered from (127). Having then expressions for the 
radius of curvature R and for the ordinate r or y of the curv'e, 
both in terms of p, it might be possible to deduce the equation: 
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but the process appears forbiddingly complicated, and an approxi- 
mate, graphical solution which suggests itself, based on Eq. (145) 
and our previous determination of r, is the only thing practically 
available. 

(g) Construction for Profile.— The numerical data for 
Fig. 59 are given in Table 27 A: r is the radium of the jet-section, 

in terms of the radius of the 
choke, r^, as unity, and is got 
by taking the square root of 
the ratio a/a^ in Table 26 A, 
Col. 4; m is all after r in (145), 
so that R=^rXm; and R is 
the radius of curvature, ex- 
pressed in the same terms as r, 
or by its ratio to Tq. 

The curve in Fig. 59 I. is 
started at B, on the choke- 
radius, and is laid out in both 
directions, a short piece at a 
time: r is taken as the vertical 
ordinate from the center-line 
MN to the curve. The value 
of R for each interval corre- 
sponds with the r at the be- 
ginning of the interval: and the evolute EF, the locus of the center 
of curvature, is made a fair curve. It is evident from the reason- 
ing leading to Eq. (140') that the true value of r would, in length, 
lie between the perpendicular to the center-line MN, as here used, 
and a normal to the curve measured to this same center-line; 
being rather nearer the latter. So that in this method there is a 
major error which makes the nozzle flare too rapidly: in other 
words, the curved cross-section according to Fig. 56, being larger 
than the plane section for a given point of t*he curve, would corre- 
spond to a lower pressure and to a longer radius R; so that the true 
curve would depart from the center-line less rapidly than does 
the one here drawn. 

With some graphical jugglery, the true curve could be closely 
approximated — one such that, if it were developed along a num- 
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Fig. 69.— Profile of Free Jet. 
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ber of equally spaced stream-lines, then the curve through pomts 
on these lines at the same distance from the B-section, or the pro- 
file of a section of imiform condition, would be at right angles to 
the stream-lines, meeting the requirement stated under Fig. 54. 
But Fig. 59 I. serves well enough the useful purpose of showing 
that the free jet has a very wide angle of flare; and any nozzle 
intended for actual use will be kept far within this limit. 

At II. is shown a curve of pressiu-e-drop, on the developed 
profile BC as base. Before reduction, the diameter of the throat 
in this figure was one inch; and the drop of pressure "from .57^4 
to .Olpi took place along about two inches of jet-profile. 

It is to be noted that, according to Eq. (144), nozzles of diflFer- 
ent size or capacity, but for the same ratio of pressures, will have 
geometricaUy similar profiles. 

(h) Profile with Partial Reduction. — ^By this rather indef- 
inite title is meant a jet-profile made up of inner stream-lines of 
the free jet, or a sort of core of the free 
jet, in which the transverse pressure lost 
in passing from the center to the rim 
of any cross-section is a constant fraction 
of the pressure at the center, or where 
the transverse acceleration of the outer 
stream is a constant fraction of that of the 
outer stream of a free jet. Thus in Fig. 
60 the radius R is taken ten times as great 
as that given in Table 27 A, or the accel- 
eration a is one-tenth of a^, comparing 
(139) and (140). This means that the 
jet is the core of a free jet of ten times 
its diameter (at the choke); and the loss 
of transverse pressure is only one per 
cent., as appears when we substitute the 
value of 6 in (137) and get Fio. 60.— Profile for/-. Olp. 

/=ipi: (146) 

which is the equation of the curve AC in Fig. 58. 

This profile is drawn by the same method as Fig. 59 I., and 
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the inherent error is much smaller with the slower expansion of 
the jet here shown. Of course, the expansion of the steam in the 
jet, or its drop in pressure along the axis, is just as rapid as in the 
large, enveloping, free jet. 

It must be imderstood that variation in transverse pressure is 
entirely a question of curvature of the profile, not of its inclination. 
After any direction of stream-travel has been established, it can 
be continued along a straight line, as in a conical nozzle, without 
the action of any free (unbalanced) guiding force. 

(t) Design of the Nozzle. — ^The first deduction to be made 
from Fig. 59 is in regard to the shape of the entrance. Noting 
that the value of R for Rp equal to 0.6 is about 0.5, by Table 27 A, 
we infer that the use of a radius half that of the hole, in " rounding 
the comer" of a hole drilled through a plate, ought to be enough 
to prevent the contraction of the jet sketched at Fig. 61 I., and 
secure the full discharge computed by Eq. (120), or by the more 
exact method of (129) with Kq. 




i 

Fig. 61.— Nozzle Details. 



i 



An orifice of this shape is shown at II. ; but while the jet will 
not leave the surface of the nozzle under this condition, it seems 
reasonable to believe that there will be a considerable amoimt of 
wasteful vortex-action in the initial formation of the jet; and that 
a larger radius, such as that in III., where R is 2rf^ or the -diam- 
eter of the orifice, can be better depended upon for complete energy- 
transformation. Practically, an approach-curve of uniform radius 
is preferable to the variable curve derived in Figs. 59 and 60. 

The proper shape for a nozzle which is to deliver its jet in 
parallel streams — ^the form sketched in Fig. 44 — is shown in Fig. 
61 IV.: just beyond the throat the flare may be quite rapid; but 
the reverse curve which gives the outer streams a transverse accel- 
eration inward should be of ver}' long radius, even longer than 
called for by Eq. (146). If the streams are too rapidly deflected 
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inward, there will be a strong crowding of the steam against the 
surface of the nozzle, with a resulting variation of pressure through- 
out the cross-section which will have a tendency to produce cross- 
currents or eddies. Further, the nozzle would have to be con- 
tinued in cylindrical form for some distance beyond the end of 
the curve in order to insiu^ complete rectification of the stream- 
lines. 

The conical nozzle, Fig. 61 V., with a narrow angle of flare, is 
what is generally used in the steam-tmrbine; for the moving blades 
of the wheel receive the jet right at the mouth of the nozzle, so 
that the tendency of the stream-lines to separate has very little 
chance to become effective. In some cases — most usually, in fact 
— ^the nozzle has a rectangular cross-section, and is wedge-shaped ; 
this differs from the cone as to the manner of area-change, but is 
similar in that it delivers a diverging jet. The curve of pressure- 
drop along the axis, for the conical jet, is illustrated in Fig. 48. 
The determination of the ratio of the diameter at the mouth 
to that at the throat is made by the methods of the preceding 
sections. 

(/) The Lmrr of the Simple QuANmATivE Treatment of 
the flow of steam is reached when we have foimd the shape of a 
nozzle in which the transformation of pressure-work into kinetic 
energy can take place with the least possible distiu-bance by sec- 
ondary, modifying actions. Down to the mouth of the properly 
formed nozzle, the effects of friction, of the shock of meeting of 
bodies of steam at different velocities, and of eddy-currents are 
relatively insignificant: beyond there, these disturbing influences 
become so much stronger that, while the principal action may be 
more or less approximately determined by, or predicted from, 
general considerations, it is only by experiment under actual 
conditions that correct or close results can be got. A general 
presentation of the character and of the effects of these disturbing 
influences will be given in the next section. 

Failure to realize in the nozzle the full, possible kinetic energy 
of the jet will have a twofold effect; on the one hand, at a particu- 
lar pressure, the velocity of the current will be less, on the other 
hand, the specific volume will be greater, than in perfect action — 
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Fig. 62. — ^Dischaige from Orifice. 



the latter because more heat remains in the steam; consequently 
the section-area will be greater, which means that the particular 
pressure will exist farther along the axis, or that the drop in pres- 
sure will be retarded. 

§ 28. Conditions Beyond the Nozzle. 

(a) DiscHAKGE FROM THE Orifice. — ^Whcn the jet escapes 
directly from the orifice, instead of being expanded in a flaring 
nozzle down to the discharge pressure, the conditions are some- 
what as sketched in Fig. 62. The surrounding atmosphere effectu- 
ally prevents any such rapid 
lateral expansion as that shown 
by Fig. 59. Instead there is a 
sort of pick-up action, whereby 
streams of air (or of steam, if the 
discharge is into a steam-vessel) 
are drawn into and mingled with the streams of the jet. In this action 
energy is dissipated in two ways : to some degree there is a shock- 
effect, wherein the impact of bodies of fluid with different velocities 
sets up, within these bodies and the surrounding medium, a wave- 
motion analogous to, if not identical with, the usual acoustic vibra- 
tion which gives the sensation of sound ; besides this, and chiefly, 
there is a rapid change from the direct, forward movement of the 
whole jet to a whirling, churning motion of the divided streams; 
and the mechanical, kinetic energy, at first merely changed in 
respect to the direction of motion, is presently re-converted into 
heat as these eddy-currents come to rest in the body of the sur- 
rounding atmosphere. 

Reference to Table 26 A will show that the velocity of efflux 
from an orifice will be about 1400 ft. per sec., varying but little 
with the initial pressure — this when the pressure on the discharge 
side is not above that in the choke of the jet. With direct dis- 
charge, as in Fig. 62, a part of the expansion-work yet available 
at the choke-pressure p^, above pj; ^^^^ ^ applied to increasing the 
velocity of the jet, or at least of the central part of it; but the 
effect of most of this work will be at once merged into the churning 
action at the surface of the jet, where the dissipation of available 
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energy into the non-utilizable form of heat at low temperature 
begms unmediately. 

This same action of entraining the surroimding fluid and of 
the formation of eddy-currents would take place if the jet were 
reduced to the pressure of the discharge, and given a higher velocity, 
by expansion in a flaring nozzle; but with some difference in the 
quantitative relations, as appears when we turn to Table 24 A 
and note the velocities, first for discharge at 15 lbs. abs., and 
then at 2 lbs. abs. 

(6) Wire-drawing. — ^When the whole energy of the jet is 
wasted in this way, without any attempt to apply it mechanically, 
as when a throttling or reducing valve is used for lowering the 
pressure of a current of steam, we have what is commonly called 
"wire-drawing" — a name which originated in connection with the 
action of engine-valves in throttling currents of steam, as described 
in § 18 and § 19 (c). In this action as a whole, and barring radia- 
tion, no heat is lost from the steam: and since the heat-content of 
a certain weight of saturated steam decreases with the temperature 
(and pressure), according to Eq. (57), § 10, it follows that the 
excess of heat, in amount .305 B.T.U. per pound and per degree, 
is set free from the duty of keeping the steam in the saturated 
condition. This heat can have two effects: if the steam was dry 
as well as saturated at the start, it will be superheated above the 
saturation temperature t^ corresponding to the lower pressure; 
but if a small amount of moisture was mixed with the steam, then 
the hot water ^ill be evaporated. Of course, these two effects 
are usually mingled, in varying proportions. If the steam was 
originally superheated through a certain range above <,, throttling 
will make the range above t^ greater. 

With steam initially saturated, the quantitative relations in 
this process are as follows: 

If we have steam at Pi and t^ with (1— Xj) of moisture, the 
heat-content above water at 32^ F., according to Eq. (54), is 

Oi=<7i+a:,r, (147) 

If, at Po» ^^6 temperature is that for satiu^tion, or <o> then the 
original fraction of moisture was so great that the heat set free 
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was not enough to evaporate it all, or to do more than just evapo- 
rate it. But if the final temperature <, is above Iq, there was only 
a little moisture, and the steam has been superheated. The heat- 
quantities are 

Qa=^o+a:oro, (148) 

or 

Q2=go+ro+.48(^-g (149) 

Transforming to definite-value formulas, by means of (57), 
we get, for the first case, 

Qi = 1146.6 + .305(^i-212)-(l-Xi)r„ . . (150) 
Q,==1146.6+.305(<o-212)-(l-a;o)ro. . . (151) 

Since these are equal, 

(l-Xo)=(l-a:,)J-:525^o) (j^g) 

Again, for final superheat, 

Q, = 1146.6+.305(<o-212) + .48(<,-<o); • • (1^) 
this must be equal to d in (150), whence 

(c) Flow in Pipes. — Steam-pipes are usually proportioned so 
as to give a current-velocity of 5000 to 6000 ft. per min. At the 
inlet to the pipe (as at the boiler) a certain amount of pressure must 
be used up in producing this velocity, and in overcoming the resist- 
ance of the inlet. Referring to Fig. 49 or Table 26 A, we see 
that the fraction of pressure-drop on account of a velocity of 80 
to 100 ft. per sec. is .002 to .0025; and it is generally accepted 
that a square-cornered inlet will cause a drop about half of that 
due to tlie initial velocity: so that one-third of one per cent, is 
a good average figure for the probable initial loss on these accoimts. 
Besides this initial loss, there is a gradual expenditure of available 
pressure-work along the pipe-line, because of friction of the walls 
and of bends and contractions. 
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The formula for friction-eflfect is similar to that for the flow of 
water in pipes: it is partly rational, partly altogether empirical. 
Put into the most convenient shape for application to steam, it is 

^ ^\4; (1^) 



^ 28,000 Z>' 
where 

p=Pi— p,««lo88 of pressure from the entrance at p^ to the 

exit at P2, in poimds per square mch; 
V" velocity of ciurent, in feet per second; 
d"=specific weight of steam, in pounds per cubic foot, at p^; 
L=length of pipe, in feet; 
D =diameter of pipe, in inches. 

The rational portion of the formula is derived as follows: 
A pipe of diameter D (here in feet) and length L will have an 
inner surface S'=7:DL square feet: if the resistance to the motion 
of the fluid over this surface can be expressed as a force / per sq. 
ft., which seems reasonable, then the work done in moving the 
whole colimm of steam in the pipe through a distance of one foot 
is /<S ft.-lbs.; and the work per second, with velocity V, is 17 = 
JSV ft.-lbs. To overcome this resistance, we have the unbalanced 
pressure 144p, on the area A =;r2)V4, acting through the distance 
V ft. in one second, and doing the work W'^l44tpAV: equating 
this with fSV and substituting the pipe-dimensions, we get 

;r/2)L>=367rpZ>^ 
whence 

Pcc/^ (156) 

It is the value of the resistance / that is purely empirical: it 
has been foimd by experience to vary as the square of the velocity 
and as the density of the fluid : but if the loss of pressure is expressed 
in ' ' head," or in height of steam-column having a weight equiva- 
lent to p pounds per square inch on its base, then d goes with 
p into the expression for the head H, and we get the usual 
hydraulic formula. 

Of course, all the numerical constants involved are combined 
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in the coefficient 1/28,000: as to the value of this coefficient, one 
authority * gives a formula which, when transformed, makes the 
divisor 30,000; another formula f leads to 26,000. The first is 
for low-pressure steam (heating service), the second for steam- 
engine pressures. The whole matter is roughly approximate, on 
account of insufficiency of data, especially as to the effect of dif- 
ferent conditions of the pipe-surface; so that the mean value 
28,000 seems to be accurate enough. It cannot be taken for 
granted that this formida will apply under the velocity-conditions 
of steam-turbine work. 

Substituting in (155) i; = l -i-d, we get 

V^ L 

^^2SmD' (*^^ 

where the first member is an expression for work done per poimd of 
steam: since there is an expansion from p^ to p^i this is obviously 
inaccurate ; but since the other side of the formula is only an 
approximation, there is no need of using a more exact expression 
for the steam-work. 

Intimately analyzed, the effect of friction is probably to pro- 
duce long eddies in the current, by exerting a backward drag on 
the outer streams, which are retarded and then caught up again 
by the main current. Under this conception, the effects of fric- 
tion are of the same character as those of obstacles to direct flow, 
such as bends, valves, etc. As to the latter, every time the cur- 
rent has to change direction abruptly, some of its kinetic energy 
is deflected into eddy-actions and changed back to heat; and 
more of the pressure-energy must be used up in making good 
the deficiency. The authority already quoted (Kent) states that 
the loss in common quarter-tiun elbows is equivalent to the 
friction-effect of a length of pipe equal to 40 diameters; and that 
a globe-valve (fully open) offers a resistance one and one-half 
times that of an elbow. 

In designing a steam-pipe, we must choose a -mean course 

* Kent's M. E. Pocket-book, under " Flow of Steam in Pipes." 
t Zeitschrift des Vereinee deutscher Ingenieure, 1887, p. 718. 
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between a smaller and less expensive pipe, with large pressure- 
drop, and a larger and costlier pipe, with greater radiating surface. 
The problem is essentially one to be solved by trial, and the common 
rule given at the beginning of this article — make V equal 5000 to 
6000 ft. per min. — ^is this practical solution. Thermally, since the 
heat of formation rises very slowly with the pressure, it might 
pay better to run the boiler at a pressure well above that desired 
at the engine, and force the steam through a small pipe at high 
speed; but this advantage is balanced by the greater weight and 
cost of a stronger boiler. To reduce the loss by bends, it is now 
usual in the best practice to make long, easy curves, either with 
special cast-iron fittings, or by bending the pipe: the latter method 
has the additional advantage of giving greater flexibility for expan- 
sion and contraction under change of temperature. 

Example I. — A steam-pipe is 6 ins. in diameter, 75 ft. long from boiler 
to engine, and has six elbows and one globe-valve ; the pressure at the 
boiler is 100 lbs. abs., and the velocity of flow is 80 ft. per sec: what^ 
pressure is likely to be lost from boiler to steam-chest? 

If F-80, the entrance-loss wiU be about 100 X. 003 -.3 lb. 

Six elbows + one valve -7.5 elbows; each is equal to 20 ft. of pipe,, 
and aU together equal 150 ft.: adding this to the actual 75 ft., we get 
L-225: from the Steam-table, </-.2275: then in (155), 

6400 X. 2275X225 , ^^ ,^ 

p«= —1.95 lbs. 

^ 28000X6 

And the total loss would be 2.25 lbs. 

(d) The Separation of Water. — An important fact in con- 
nection with flow in pipes is that if the current is a mixture of 
steam and water, there is a strong tendency for the two fluids to 
separate, simply on account of difference in density. If the water 
is small in amount, say not more than three per cent, by weight, 
it will probably remain well diffused, if the current is rapid and 
an occasional bend keeps it stirred up. In a long, straight, hori- 
zontal pipe, even a very small proportion of water is Ukely to 
settle to the bottom of the current. 

At a bend, the lighter streams of steam change direction much 
more readily than the denser particles of water: and this fact is 
the basis of the action of the steam-separator, which, besides making 
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the current turn one or two sharp comers so as to throw out the 
water, provides a quiet resting-place where this water can collect, 
without being picked up again by the steam, as it must be in a 
pipe. A good separator will take out all but a very minute frac- 
tion of the moisture in a current of steam. 

(e) The Extended Nozzle. — In (a) we considered the two 
cases of discharge from an orifice and from a properly designed 
nozzle — one which has just the degree of expansion needed to 
Teduce the pressure in the jet at its mouth to that in the discharge- 
•chamber. Suppose now that the nozzle, conical in form as the 
;simplest case, is extended beyond the proper length: then the 
;action of the jet will be somewhat as indicated in Fig. 63, by the 

pressure-curve at II. The steam 
expands in the nozzle to a pres- 
sure well below that of the dis- 
charge, then rises to the latter in 
the manner shown by the curve. 
This rise in pressure means that 
the steam is compressed, and the 
current retarded, with loss of me- 
chanical energy through re-con- 
version into heat: but the action 
is too complex and contains too 
many uncertain elements for 
mathematical treatment. 

The arrangement of apparatus 
for experiment upon steam-jets is indicated in Fig. 63 1., the 
essential element being the exploring-tube T, which has a small 
hole drilled across it, is closed at the right-hand end, and at the 
left passes out through a stuffing-box and is fastened to a screw- 
device whereby the hole can be brought to any definite point 
along the axis of the nozzle. The outer end of the tube is con- 
nected to an accurate pressure-gage; and from the positions of 
the tube and the readings of the gage, curves like that in II. can 
be plotted. 

Fig. 64 is a diagram reproduced from Stodola's " Steam Tur- 
bines/' and shows the results of a series of tests conducted along 




Fig. 63.— The Extended Nozzle. 
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the lines just indicated. The tenninal pressure was regulated 
by a valve between the discharge-chamber and the condenser. 
Several of the curves show a very abrupt rise, after the minimum 
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FiQ. 04. — Curves of Preesure-variajtion. 

pressure has been reached, as if caused by the shock of meeting 
of two bodies of steam at different velocities; and at the lower 
pressures there appears to be an incipient formation of acoastic 
vibrations. There is no self -suggestive law of relation between 
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the initial, the lowest, and the final pressure: and it is probable 
that a large number of experiments, under various conditions, 
would have to be made before such a law could be formulated. 
Stodola gives other diagrams of this sort, for different forms of 
nozzle; and develops a considerable amount of theory of the irreg- 
ular actions beyond the simple nozzle: and the reader is referred 
to his work for a fuller treatment of the whole subject of the 
complex motions of steam-currents. 

(/) Jet-action Reversed. — In the retardation with rise of 
pressure shown in Figs. 63 and 64, there is a re-conversion of me- 
chanical energy from the kinetic form to that of static pressure- 
energy : this is effected through a compression of the steam, which 
is adiabatic so far as concerns the reception of heat from without, 
but is modified by the heat-equivalent of all the mechanical energy 
lost. In simple theory, barring friction, radiation, and eddy- 
action, it ought to be possible to reverse completely the expansion- 
process which forms the jet, and, by gradually retarding the current 
in a suitably formed nozzle, to restore the steam to its original 
state. Practically, only a certain fraction of restoration can be 
reaUzed. 

This means that in order to compress by a jet, or to lift fluid 
from a lower to a higher pressure by transforming energy of velocity 
into energy of pressure, a considerably greater velocity must be 
given to the jet at the low pressure than it would gain in an expan- 
sion or drop from the higher to the lower pressure. Just what 
will be the efficiency of the operation in any case can be found 
only by trial; or might be predicted by close analysis of the pro- 
portions and of the performance of apparatus which has been 
developed by experience into successful working. But there 
seems to be very Uttle precise information generally available on 
this subject. 

It is in the steam-blower and the injector, in the rotary fan and 
the centrifugal pump, that this principle of action is applied. 
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§ 29. Applications of the Steam-jet. 

(a) The Throttling Calorimeter. — ^This name is given to 
an instrument based on the principles set forth in § 28 ffe), whefeby 
the fraction of moist- 
ure in a sample of ^^ "^ t, 
steam can be deter- 
mined. One form of 
this "calorimeter" is 
outlined in Fig. 65. 
The sample is drawn 
from the steam-main S 
through the perforated 
pipe P and the valve V 
(which is wide open 
when the instrument 
is working), into the 
chamber C, where the 




Fig. 65. — ^Throttling Calorimeter. 



temperature i^ is read: it then passes through the small orifice at O 
into the low-pressure chamber L, here open to the air, and the 
temperature is read at ^. In this particular case, <o=212®, and 
(154) becomes 



.305(<i-212)~.48(^-212) 



(158) 



The limit of effective working of the throttling calorimeter, 
for the case of exhaust into the atmosphere, is given in Table 29 A; 
where, for different values of Pi, the following quantities are tabu- 
lated: 
Pi=initial pressure, poimds per square inch above atmosphere (by 

gage); 
Aj =» .305(^1—212) =available excess heat in one pound of dry 
saturated steam at Pi, above similar steam at 212**; 
mio=Ai-4-ri=fraction of initial moisture which can be just aU 
evaporated by A^, or which will make mo=(l— a;o)=0 in 
(152); 
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^—Aj -5-0.48*= number of d^rees of superheat after throttling to 
atmospheric pressure, if the steam 'was originally dry, or 
if m^ was zero; 
<jo—<g 4-212® ^temperature of superheated steam at p^=14.7 abs., 
for mj =0. 
It will be noted that both terms in the numerator of (154) or 
(158), namely ,305(t^-Q and .48(^— <o)> are quantities of heat, 
expressed in B.T.U. 

Table 29 A. LiMrr of Throttung-effect. 



pi 


hi 


mio 


^ 


t» 


250 


58.90 


.0714 


122.7 


334.7 


220 


55.97 


.0673 


116.6 


328.6 


200 


53.66 


.0638 


111.6 


323.6 


180 


51.03 


.0604 


106.3 


318.3 


165 


49.01 


.0577 


102.1 


314,1 


150 


46.85 


.0548 


97.6 


309.6 


135 


44.53 


.0517 


92.8 


304. g 


120 


42.03 


.0485 


87.6 


299.6 


105 


39.28 


.0450 


81.8 


293.8 


90 


36.26 


.0412 


75.5 


287.5 


80 


34.07 


.0385 


71.0 


283.0 


70 


31.66 


.0355 


66.0 


278.0 


60 


29.01 


.0323 


60.4 


272.4 


50 


26.08 


.0288 


54.3 


266.3 


40 


22.72 


.0249 


47.3 


259.3 



(b) Correction for Radiation. — ^The calorimeter is, of course, 
well covered with non-conducting material; but it has considerable 
surface in comparison with the small amount of steam passing 
through it, so that it must be caUbrated for radiation-effect. To 
find what correction must be made in the indications of the instru- 
ment, it is tested with dry steam; which may be drawn from 
the steam-pipe near the boiler at a time when the current is flow- 
ing so slowly that there is sure to be no priming or can be got from 
a good steam-separator, suitably arranged. Any moisture sho\i7i 
under this condition is to be charged to the instrument, and de- 
ducted from the gross result got in a working-test. A modification 
of the method of (158), very convenient of appUcation in this 
connection, is as follows: 
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T.et Aj =.305(^1 -212) aa above, and Aj=.48(<j-212); then 
if ?7ii=0, <2 will have the value t^ given in Table 29 A; and the 
effect of initial moisture in the steam is to diminish A, from its 
maximum value h^^h^y or to lower the discharge temperatiu^ 
from t^ to <,. What the calorimeter actually measures is this 
heat Aj, in the discharged steam over and above the saturation- 
content. As the initial moistiu^ increases; A, drops farther below 
Ajo; and m^ can be got by the relation 

^^hzh^.m,rzQ .i59> 



Now the effect of radiation is to make either the heat-deficiency 
A=(Ajo— Aj), or the temperature-drop ^=(^— ^), greater than 
it ought to be: and by the calibration-test above described this 
extra-effect due to radiation, either Ar in B.T.U. or t^ in degrees, 
can be found. If t^ and An were the particular values of ^ and A, 
in the radiation-test (with dry steam), then 

tr^(t^-Q and Ar=(A,o-An); .... (160) 

and when these have been found and recorded, we correct (159) by 
subtraction, getting 

It is even more direct to use tn, equal t« (f^—tr), as foimd by 
experiment, in the formula 

nH = -i«(t"-^> (162) 

This actual lower temperature ^-ith initially dry steam, ta, is 
sometimes called the normal temperature of the calorimeter. It 
is more convenient, however, to get the value of ^ or Ay by calcu- 
lation; because this correction will be applicable over a wide 
range of steam-pressure, since the initial temperature, upon which 
the rate of radiation depends, does not greatly change with the 
pressure. 
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(c) Range and Accuracy of the Calorimeter. — ^Table 29 A 
shows that as Pi is lower the effective range of the throttling calo- 
rimeter is less. But if the instrument is connected so as to dis- 
charge into a vacuum condenser, thereby lowering t^y it can be 
used on quite wet steam of low pressure, as even, perhaps, on 
the exhaust from a non-condensing engine. But in this arrange- 
ment the pressure p^^ which determines t^y must be very accurately 
measured, because the temperature varies so rapidly with the 
pressure when the latter is low, as shown by curve I. on Fig. 21. 
And with the usual condition of atmospheric discharge, reading 
of the barometer is essential to high accuracy; as is also, in any 
<;ase, the calibration of the thermometers. It is to be noted, 
however, that the upper thermometer can be replaced by a pres- 
sure-gage, if desired: and that if the method of (161) is used, 
with the same thermometer for <2 in both radiation test and steam 
test, then the absolute correctness of this thermometer is of Uttle 
importance, as only the difference between readings is involved. 

Ordinary "chemical" thermometers, 12 to 15 inches long with 
A graduation up to about 400® F., and with only about 3 inches 
of their length immersed in the oil or mercury in the thermometer- 
cup, will have a considerable error in their readings on account 
of the relatively low temperature of the exposed stem and of the 
thread of mercury inside it. For usual steam-temperatures, the 
reading will be from 2® to 6° low, increasing with the difference 
between the temperature measured and that of the air, and with 
the length of mercury column exposed above the cup. So that 
thermometers for use with steam should be calibrated under actual 
conditions, in regular cups inmiersed in steam; an accurate pres- 
sure-gage, with the <-colunm of the Steam-table, furnishing a satis- 
factory standard. 

Accuracy in the determination of moisture by throttling depends 
upon the correctness of the constant 0.48, the specific heat of 
superheated steam under constant pressure. This was found by 
Regnault for atmospheric pressure, from experiments far less 
precise than those which he made on saturated steam. The inher- 
ent difficulties in the determination are great, but experiments 
made in the last few years, while not yielding very consistent 
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results, or establishing any law even approximately, show that 
the specific heat increases with the temperature. It appears to 
start at 212** F. with a value of about 0.40, and increase pretty 
rapidly at first, then more slowly at high temperatures. For the 
range in the calorimeter, 0.48 seems to be a very proper value, the 
best results varying from 0.4 to 0.5. Fuller information in regard 
to this specific heat will be found in the Appendix. 

Example 1. — In the calibration test of a throttling calorimeter with 
open exhaust, the mean observations were p^- 105.6 lbs. by gage, 
ii- 337.6°, ^-287.5**. 

Using the temperatures as read, 

^-.305(337.6-212) -38.31 B.T.U.. 
^ - 38.31 ^ .48 - 79.7°, and ^ - 291.7**. 
The <2 here read is also tn : then 
tr -291.7- 287.5 -4.2°, 
Ar-4.2X.48-2.02B.T.U. 
According to the pressure-gage, ^ should be 341.2, so that the upper 
thermometer reads 3.6° low; this would change h^ to 39.41 and t^ to 
294.1°: but ^ would have almost as great an error on account of incom- 
plete immersion as ^, so that the value of tr from corrected temperatures 
would be nearly the same as that from the actual readings. 

Example 2. — In a steam test with the above calorimeter, the read- 
ings were ^ -325.3°, (2 ~ 232.7°; then, using these actual temperatures, 
^-.305X113.3-34.56, 
A, -.48X20.7 -9.94, 
fi -884.5; 
and by (161), 

34.56- 9.94- 2.02 22.6 .._ 
^ 884:5 884:5"-^^- 

The error caused by using uncorrected temperatures will be 
•greater in this case than in the prcc^ng, because t^ is lower, and 
the thermometer will be nearer the true temperature. But it 
appears that, for all practical purposes, it is sufficiently accurate 
to use the actual readings of the thermometers, provided that the 
latter are reasonably correct and show up practically the same 
in a comparison test, either against each other or against a good 
standard thermometer with the same degree of immersion. 
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(d) The Separator Calorimeter. — ^The principle of the 
steam-separator is applied in another instrument Sot determining 
I J" I J the quality of steam, which may be used as an 
*p , i\/^i alternative to, or in combination with, the throt- 
'^' tling calorimeter. In the form sTiown in Fig. 66, 

it is intended to be coupled in on the high-pres- 
sure side of the throttler of Fig. 65, at the union 
U, when the steam is too wet for the first instru- 
ment — ^which is shown by ^^ dropping almost ta 
(o, say within five degrees. This combination con- 
I ^ stitutes the older form, of the Barrus Universal 

ti^ Calorimeter; the separator is intended to take 

* ^i ou* nearly all the moistiure from the sample. 

ff^ sending almost dry steam over to the throttler. 

Fig. 66. — Sepa- The drain-valve D is regulated so as to keep 
rator Calorimeter, ^^e water in the chamber C at a certain level, 
well below the mouth of the inlet-pipe P; and the water escapes 
into a vessel partly filled with cool water, or through a cooling- 
coil, and is weighed. 

If Si=weight of steam discharged in a given time, and 8^ = 
weight of water separated, then, very simply, 



m.=- 



Sj + S, 



3 

8 ' 



(163) 



The need of measuring Sj, by condensing and weighing for siure 
results, is a point of practical inconvenience: which can, however, 
be eliminated by standardizing the orifice through which the steam 
escapes, by means of a series of calibration tests. 

The radiation test for this calorimeter consists in supplying dry 
steam and seeing how fast water collects; if this rate is expressed 
as 8r pounds per hour, and the other quantities put in terms of 
the same period, the corrected result will be 



m^- 






(164) 



It has been found by experience that the steam delivered by 
the separator is so nearly dry that this instrument can be used 
alone as an independent and self-contained apparatus. And in a 
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later form of the combined calorimeter, the separator is placed on 
the discharge side of the throttler, to take out any water not 
evaporated on account of wire-drawing down to atmospheric 
pressure, but coming into action only when the steam is quite wet. 

When both parts of the apparatus shown in Figs. 65 and 66 are 
used together, the separator giving the moisture m^ according to 
(163) or (164), and the throttler showing mb from (159) or (161), 
the total fraction mj is the simi of these two indications: the 
small error due to the fact that m* is a fraction of «i+«a> while 
t»b is based on «i alone, is entirely negUgible. 

(e) Pick-up Apparatus. — Under this title are comprised the 
steam-blower and the injector — a type of apparatus for doing work 
by means of the expansive energy of steam which is, mechanically, 
the simplest known, in that it has really no machine parts at all. 
Nevertheless it comes under the general definition of the steam- 
engine, and will therefore be briefly described and discussed. 

The principle of action has already been partially enunciated, 
in § 28 (/). The jet, more or less perfectly formed, escapes into 
a chamber filled and suppUed with the substance to be moved 
(air or water) ; there it picks up or entrains a certain amount of 
this substance, forming a mixed jet of greater weight but much 
smaller velocity; and then this resultant jet is discharged through 
a suitable retarding nozzle against a pressure higher than that 
at the mixing point. 

All devices of this class are very inefficient as machines, judged 
by the criterion of the ratio of work got out to work put in. There 
are large wastes of kinetic energy in the mixing operation, and in 
the retardation of the current against rising pressure there are 
further losses of effect. Besides, to insure deUvery, the discharged 
jet must have a very considerable residual velocity and energy, 
which is necessarily dissipated into heat as it comes to rest. 

(/) Steam-blowers, used for producing draft for boiler-furnaces, 
are of two types. The first is the exhaust-jet of the locomotive, 
in which the whole body of steam used by the engine mixes with 
the products of combustion, drawing them into an enlarged jet 
which is expelled up the smoke-stack. These gases, coming from 
the boiler-tubes into the smoke-box, are at a temperature much 
Above that of the exhaust steam : consequently the steam is not 
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condensed, but is rather dried and superheated, and we have the 
case of two gases mixing. An example from recent practice is 
outlined in Fig. 67, a good deal of non-essential detail being slurred 
over or omitted altogether in the drawing; especially the spark- 
arresting screens, which serve also to break the force of the current 
from the tubes into the space above the exhaust-nozzle N, and to 




Fig. 67. — Locomotive Smoke-box. 




Fig. 68. — Forced-draft Blower. 



deflect the greater part of it downward, so that the jet draws mostly 
from below. This is from a large locomotive, where the stack 
has to be let down into the smoke-box: and a dead space is left above 
the horizontal partition,?. 

The second type of blower is illustrated by the example in 
Fig. 68 — where a small jet of high-pressure steam is used for moving 
a stream of air relatively much larger than that in the locomotive 
(as compared with the weight of the steam), but against a much 
smaller resistance. Further, air of ordinarj' temperature is drawn 
into this blower, so that the steam will be partly condensed in the 
formation of the mixed jet — the action approaching that of the 
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injector in this respect. Note how the entering air is split up into 
several concentric divisions, with the intention of reducing the 
eddy-loss during the mLxing operation. 

The following example, worked out with assumed values of the 
data, will show the method of computing the efficiency of this 
sort of apparatus in actual operation, and will give some idea of its 
probable \'alue for the first type: 

Example 3. — In a locomotive boiler, 1 lb. of coal will evaporate 
about 6 lbs. of water, and the gaseous products from 1 lb. of coal will 
weigh about 18 lbs., so that there will be 3 lbs. of gas to 1 lb. of exhaust 
steam. We will assume that the mixture of hot gas and superheated 
steam will have a temperature of 400*^ F. ; and that the gas alone has 
the same density as pure air. For air at 400°, disregarding the small 
variation from atmospheric pressure in the smoke-box, the specific 
volume would be, by Eq. (8), 

860 
V - 12.4 X-r^^- 21.7 cu. ft.. 

492 

And for steam, which measures 26.6 cu. ft. per lb. when saturated at 

212**, we get the increase due to superheating up to 400° to be, from (63), 

p(i;--s) -.65X188, 

.65X188 ^^ 
V- 8 - — —= — -8.3 cu. ft., 

whence v = 26.6 + 8.3 - 34.9 cu. ft.; which satisfies the frequently given 
rough relation that steam is five-eighths as heavy as air of the same 
pressure and temperature. 

The total volume discharge through the stack, per pound of steam, 
is then just 100 cu. ft.; and the resistance overcome is the pressure- 
difference, or the vacuum in the smoke-box, which we shall take to 
be equivalent to 4 ins. of water-column. One foot of water-column 
equals 62.4 lbs. per sq. ft., so that we have here a resistance of 20.8 lbs. 
per sq. ft.; and the work done in expulsion will be 100X20.8-2080 F.P.. 

Now the steam was expelled from the cylinder and forced through 
the nozzle by the back-pressure upon the piston, over and above the 
atmosphere, together with the available work of the uncompleted ex- 
pansion, represented by the triangle CHD in Fig. 29; this may easily 
amount to 4 lbs. per sq. in. through the whole steam-volume; and 
taking the latter to be 24 cu. ft., to allow for the condensation due to 
work done in the cylinder, we get 

4X144X24-13,820 F.P. 
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as the energy of the steam-jet per pound of steam. Then the mechan- 
ical efficiency of the apparatus is 

Referring forward to Eq. (167), which applies equally well to this 
case, we find the limit of efficiency in the entraining operation, with 
the above data, to be about 25 per cent., the other 75 per cent, of the 
jet-energy being necessarily changed into heat. 

(g) The Injector. — ^The simplest type of this apparatus is 
outlined in Fig. 69, where, as in Figs. 65 and 66, all structural 
•detail is omitted, and only the essential form is shown. Steam 
from the boiler enters at S, and its admission to the nozzle is con- 
trolled by the hand-regulated valve V. To start the injector, 
this valve is opened a little way, and the steam-jet at first draws 
out air from the water-chamber W and from the water-pipe, 
until the vacuum is sufficient to lift the water; as soon as the flow 
of water is established, steam is turned on full, and the mixed jet, 
formed by condensation of the steam in the tube T, all reduced 




FiQ. 69.— The Simple Injector, 
to water by the time it gets to the choke C, and then slowed up in 
the retarder R, develops enough pressure to open the check-valve 
K and force itself into the boiler. The overflow F permits the 
^cape of the mixed steam and air at the start, and of the first 
water, which is propelled by a jet of steam too weak for the regular 
discharge. This overflow is located at a part of the tube where 
the pressure in the jet is less than that of the atmosphere, in normal 
running; and the automatic check-valve at F prevents air from 
getting in to spoil the vacuum. 

The rate of delivery of an injector can be varied over a consider- 
able range — ^in some cases from full capacity to as little as 40 per 
cent, of this rate. In the simple form, this regulation is made 
chiefly by choking down the current of water in the suction-pipe; 
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something can be done by diminishing the supply of steam; but 
if this is cut down very much, the jet may become too weak for 
expulsion, and the injector will " kick back." 

(A) The CJompound Injector. — ^The injector with only one 
tube is not very sure in its action if the supply-water must be 
lifted through any considerable height : to overcome this difficulty, 
two working jets are used, one for suction, the other for forcing. 
The general arrangement and the form and dimensions of the 
working parts of the injector outlined in Fig. 70 are copied from 
an actual design, the "Metropolitan": but besides the omission 
of details of construction and the mere indication of such parts 
as stuffing-boxes, some of the essential parts are transposed from 
their regular positions, so as to make a clearer illustrative drawing. 




Fig. 70. — ^The Double-tube Injector. 

The stems of the two valves Vj and Vg are rigidly connected 
by external side-bars, so that they must move together, and are 
controlled by a suitable lever-handle at the left. When the in- 
jector is idle these are pushed over to the right so that both steam- 
valves, Vi and Vj, will be closed and the overflow V3 wide open. 
To start, the handle is drawn back just a little, bringing the lifting- 
valve V, into the position shown at A, and admitting a small amount 
of steam through the chamber Sj to the lifting-nozzle Nj, so as to 
establish the suction. The piston P keeps the nozzle Nj shut off, 
not only during this preliminary admission of steam, but also 
until Vj has been given quite a movement. In fact, V^ is not 
essential to the working of the apparatus, but is rather designed 
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to equalize the pressure on the two sides of Vj before this larger 
valve is moved, so that there will be no great resistance offered 
to the moving of the handle. In order to insure prompt filling of the 
whole injector with water at the start, the overflow is put on the 
discharge-chamber W,; and the passage through the forcing-tube 
Tj is supplemented by the check-valve V4. 

As soon as a good stream of water appears at the overflow, 
the handle is pulled all the way back, giving full admission past 
the main valve V, to the steam-chamber, and closing the over- 
flow: in the drawing, the injector is not quite wide open, and 
there would be some waste of water through the overflow- valve. 
The small valve Vg, at the lifting-nozzle, is not intended ever to 
be closed, but is adjusted by hand so as to regulate the rate of 
delivery by var3ring the amoimt of water supplied to the forcing- 
tube. 

(i) Theory op the Injector. — ^The mechanics of the mixing 
or entraining operation, in which the greater part of the wasted 
energy disappears, is as follows: 

If a small body moving at a high speed impinges upon a larger 
body moving slowly, but in the same direction, the sum of the 
momenta, or of the several mass X velocity products, will be the 
same before, during, and after the impact. If the bodies are non- 
elastic, they will move together after impact, and there will have 
been a loss of kinetic energy : for if 

M,V, + M,V, = (M,+M,)V, .... (165) 
then will 

To prove this, change E^ = {M,-^M;)V^ to ^ y J ^^ then 

subtract this from E^^M^V^^-M^V^^: after reduction, we find 
the difference to be 

With elastic solid bodies, there is a rebound after impact, in 
which most of the energy that has been used up in compression is 
restored ; with fluids, mingUng together, any such action is impossi- 
ble, and Eq. (166) therefore appUes to the operation under con- 
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sideration. We let M^ stand for the steam and ilfj for the sub- 
stance moved, which might be called the "load"; usually the 
initial velocity and energy of the latter is so small as to be practi- 
cally negligible; and dropping F^* from (166) we get 

In the injector, a usual working proportion is about 12 lbs. of 
water to 1 lb. of steam; and under this condition, the wasted 
energy will be |f and the effective energy only ^\ of that in the 
steam-jet. The latter may have a velocity of from 2400 to 3000 ft. 
per sec, and a kinetic energy of 90,000 to 140,000 F.P. per pound 
of steam (see Table 26 A), varying with both the boiler-pressure 
and that at the mouth of the steam-nozzle. Disregarding F, in 
(165), we find, approximately, for the 13 lbs. of water, 

V=^ = 186 to 230 ft. per sec; 

and similarly 

^3=^=7000 to 11000 F.P. 

All the wasted energy, E^'-E2, is changed back into heat. 

The question as to the pressure against which the injector will 
discharge is answered by first finding the velocity due to overflow 
imder the effective boiler-pressure, the difference between the 
absolute boiler-pressure Pi (plus resistance of pipe and valves) 
and the suction-pressure at the injector. Velocity is got most 
conveniently by the hydraulic formula 

7=\/2^ (168) 

To find the effective head A, we divide the boiler-pressure above 
atmosphere by .427=61.5 4-144 (using 61.5 instead of 62.4 for the 
weight of 1 cu. ft. of water in order to take account of the tempera- 
ture of water as usually discharged from an injector) ; and add to 
this the suction-head, measured up to the injector, and considered 
negative if the supply is drawn from an elevated tank. 

Suppose, for instance, that the boiler-pressure is 180 lbs. by 
gage, and that the water is Ufted 10 ft.: then 180 -^ .427 =422 ft.; 
adding the 10 ft. and substituting in (168), we get 
F=V64.32X 432 = 166.6 ft. per sec 
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The water-jet must have a velocity considerably greater than this, 
because of the losses of energy in the retarding operation: but it 
appears that there is a wide margin between the two limits of 
velocity — ^that is, between the greatest velocity that could result 
from the mixing operation, and the least velocity that could pro- 
duce the desired pressure of discharge. 

In making a test of the working of an injector, it is necessary 
to measure only the water drawn in and to read the temperature of 
the supply and of the discharge, besides knowing the pressure and 
the quality of the steam. The energy that is effectively applied 
to the work of pumping is relatively so small that it can be neglected 
in the heat^-equation by which we determine the amount of steam. 
For this equation, we assume that all the heat given off by 1 lb. 
of steam above the discharge temperature t^ is taken up by w 
pounds of water in being raised from its original temperature ^o 
to ^. The total heat of the steam, above 32°, being found as 
Qi=/?i — m^ri, we have 

Q,-(h-S2)=w(t,-Q (169) 

An example will make clear the relations involved and the method 
of getting results. 

Example 4. — An injector supplied with steam at 94.5 lbs. by gage, 
with 2.6 per cent, of moisture, draws water at the rate of 3240 lbs. per 
hour, showing the temperatures 1^ = 72.6°, ^ = 156.3°: the supply is 
16 ft. below the injector, and the discharge pressure is 99.2 lbs. per sq. 
in. by gage. How much steam does it use, and what is its effective 
thermodynamic performance? 

For this steam, at 109.2 lbs. abs., 

Qi = 1183.8- .026X878.4 

-1183.8- 23.0 « 1160.8 H.U. 



Then by (169) 



1160.8-124.3 1036.5 ,^„„ 

w = -^ = 12.38. 

156.3-72.6 83.7 



Dividing the total water-weight TV -3240 by this ratio, we get the 
steam per hour to be 

5 = 3240^12.38-262 lbs. 

For the mechanical performance, we have the effective work of 
forcing 3240+260-3600 lbs. of water, at 61.0 lbs. per cu. ft., against a 
total pressm-e of 94.5 + (16-^2.31) =101.4 lbs. per sq. in. Solving in 
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terms of work per pound of steam rather than by the hour, and by 
the pressure volume method, we get 

PF-144X101.4X^;^-5802X.220 
ol.O 

-1276 F.P. or 1.64 H.U 

So that out of a total heat^upply of 1160.8-40.6-1120.2 B.T.U. 

(estimated above the temperature of the cold feed-water), only 1.64 

B.T.U. is effectively transformed; and the absolute efficiency has the 

ridiculously low -value 

1 64 
^---—-.00146. 
1120 

(j) Bange op the Injector. — ^In the matter of discharge- 
pressure,' it is possible, by suitably proportioning the steam-nozzle 
and the inlet to the mixing-tube, to have this pressure far above 
that of the steam, even using the exhaust from a non-condensing 
engine to feed the boiler. In this case the water pmnped per 
pound of steam will be relatively small, because the energy of the 
steam-jet is small; consequently the supply-water must be cold, 
so that the steam will be condensed without making the final 
temperature too high. Further, the fact that this temperature 
must be high precludes the lifting of the water by suction, because 
the attainable vacuum in the injector will be small. 

Ordinary high-pressure injectors are usually proportioned so 
as to deliver against a pressure from 20 to 40 per cent, above that 
of the steam — ^that is, in regular working there is a large excess of 
energy in the water-jet over just what is necessary for delivery. 

It is frequently desirable to use feed-water of fairly high initial 
temperature, as from the hot-well of a condensing plant. The 
upper limit of suction-temperature in a well-proportioned injector 
will be about 130*^ F. — ^which, in Example 4, would make tj 
about 212^— so that feed at from 90° to IW is entirely prac- 
ticable; but of coiu-se this water must be supplied to the injector, 
if of the simple type, at or above its level. 

(k) The Steam-turbine. — Of this important and increasingly 
prominent type of steam-motor, only the simplest fundamental 
principles will be given at this point, further treatment of the 
subject being reserved for a later chapter. 

The working parts of a small De Laval turbine, which, as to 
the elements involved in the application of the jet, is of the simplest 
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form built, are shown in Fig. 71. In I. a cylindrical section through 
the blades at mid-length is developed or flattened to the plane of 
the drawing; while II. is a view from the left side of I. The true 
fonn of the blades or buckets, as also the manner of holding them 





Fig. 71.— The De Laval Turbine, 
in the wheel, is shown by the detail at the top of II.; otherwise 
their form is merely indicated. 

The manner of action of this turbine can best be explained 
with the help of the velocity diagram in Fig. 72. Here AB repre- 
sents the full velocity of the steam, at 
the mouth of the nozzle and along its 
axis. This steam strikes a row of 
"buckets" which are moving with 
the velocity Ft; and its velocity rela- 
tive to these buckets is got by com- 
bining with the absolute velocity V of 
the steam that of the nozzle relative to 
J^ the moving blades, which is equal to 
Ft reversed: this gives V^ as the 
I for Simple velocity with which the steam enters 
the wheel. 

The function of the curved turbine-blade is to change the 
direction of the steam-current, so that it escapes with the relative 
velocity Fj, here equal to Fj and making the same angle with the 
line of the bucket-movement. The pressure of the steam upon 
this curved guide, due to the inertia with which it resists lateral 
acceleration, is the working-force in the turbine. 

Combining with F, the absolute velocity Ft, at EF, we get 




Fig. 72.— Di^ 

Turbine. 
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DF = Vq as the absolute velocity of exit of the steam. The drop 
in kinetic energy of the steam due to change from F to Fq represents 
the eflfective performance of the turbine. In the figure, V^ is about 
40 per cent, of V, so that the residual energy is about 16 per cent. 

The jet-angle ABC being 20®, it is obvious that the minimum 
value of Fo is DH, equal to F sin 20° or .342F. To secure this 
minimum. Ft must be half of the projection BG, half of F cos 20°, or 
.470F. Since it is highly desirable that Ft be kept as small as 
possible, and since the angle HDF can have a considerable value 
(even up to 30°) without making DF much greater than DH, it 
appears that good results will be got by making Ft equal to 0.4F 
or JF. With steam-velocities ranging from 2500 to 3000 ft. per 
sec., the velocity of the buckets should be from 1000 to 1500 ft. 
per sec. In actual De Laval practice, the range is from 525 ft. 
per sec. with a 4-inch wheel at 30,000 R.P.M. to 1400 ft. per sec. 
with a 30-inch wheel at 11,000 R.P.M. To bring these rotary 
speeds down to something practically applicable, a pair of gears 
with the ratio 10 to 1 is interposed between the turbine-shaft and 
the power-shaft. 

(0 Compound Turbines. — In order to reduce the linear speed 
of the turbine-buckets without diminishing the efifectiveness of 
the utilization of steam-velocity, two general lines of procedure 
are available. The first is to divide the reduction of velocity 
into a number of successive steps after the manner of Fig. 73; in 
the second, the expansion of the 
steam is divided into stages like 
those in a multiple-expansion 
engine, a complete turbine ele- 
ment, simple or complex, being 
employed for the utiUzation of 
the velocity due to each pressure- 
drop. In this work, the words ^/ J^ T, '>^^' ^t \^^ '^i 
simple and compound will be 
used to mark the distinction in 

the manner of expanding the ^ _„ "„, ^ /' ,. ^ ,. 

... . , y^ Fig. 73.— Element of Curtis Turbine. 

Steam; while smiplex and com- 
plex will serve a similar purpose as to the mechanical arrangement 
of the pressure-stage element. 
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The arrangement of a complex turbine is shown in Fig. 73, 
where the view given bears the same relation to the axis of rotation 
as does that in Fig. 71 I. The nozzles and the guide-vanes B^ B^ 
are fixed to the frame or casing of the machine, and the three rows 
of buckets are carried on the rim of a wheel. 

The velocity diagram for the first line of buckets is ABCDE in 
Fig. 74, similar to Fig. 72: the first line of vanes reverses CE to EF, 
here assumed synametrical with CE. The rest of the process, 
together with the manner of getting circular-arc profiles which 
will be tangent to the several velocities, is self-evident. 
iB 




Fio. 74. — ^Multiple-step Velocity Diagram. 

The question as to the form of profile necessary for symmet- 
rical velocity reversal — ^that is, for making equal any pair of angles 
as a and ^ on Fig. 72 — ^will be taken up later. It will be noted 
that the steam-current in Fig. 74 will increase in cross-section as 
its velocity is lowered: room is given for this increase partly by 
making the vanes and buckets thinner, partly by increasing the 
length of the open spaces, in a direction at right angles to the 
plane of the drawing, or along the radius of the wheeL 

The thermod)mam]c principles underlying the working of the 
steam-turbine have been quite fully developed in this chapter; 
the questions involved in the use of the steam-jet as a driving 
agent belong chiefly to the domain of mechanics, and will therefore 
be taken up more at length after the mechanical presentation of 
the common engine has been given. 



CHAPTER VI. 
THE ENTROPY-TEMPERATURE DUGRAM. 

§ 30. General Ideas as to Entropy. 

(a) Entropy IS a quantitative property of heat, already defined 
mathematically in § 13 (c), and extensively used in o\ir compu- 
tation upon the adiabatics of steam. According to that definition, 
when a portion of heat Q is imparted to a body at the temperature 
r, the body acquires entropy N measured by the equation 

N^^ (170) 

If the operation takes place with varying temperature, so that 
only the infinitesimal dQ is imparted at any particular T, we have 

dN-^^; (171) 

whence, during the passage from Ti to T,, the entropy acquired is 

(172) 



-rf- 



Without attempting, at this point, to give any other idea of 
entropy than that of a mere mathematical ratio (or summation 
of ratios), we will now proceed to apply it to the anal3n3is of simple 
thermodynamic operations. 

(6) The Entropy-temperature Diagram. — Jugt as work is 
represented graphically by the product of its two factors, force 
and distance or pressure and volume — ^that is, by an area — so 
also may heat imparted be diagrammed as the product of two 
factors, one the absolute temperature, the other the entropy. 
This appears at once from the equations above; and the sequence 
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of ideas which suggests itself as a history of the development of the 
concept of entropy is, first a desire thus to represent heat as a 
compound quantity, then the natural adoption of temperature as 
one factor and the determination and nammg of the other factor. 

In this system, the two simplest operations — ^the ultimate opera- 
tions, in that, while others can be resolved into them, these cannot 
be reduced to anything simpler — are the isothermal and the adia- 
batic, the elements of the Camot cycle. The first is change of 
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FiQ. 75. — Camot Cycle. 

Constant Volume. 

entropy at constant temperature, the second is change of tem- 
perature at constant entropy: and the NT diagram for this cycle, 
Tvnth the same designating symbols as on Fig. 20, is the rectangle 
shown in Fig. 75. 

Equation (170) applies to this figure; from 1 to 2 the entropy 
^=AB is acquired; the heat received is Oi=iVri=area 12BA; 
and the heat rejected in Phase III. is Qj^iVT, =area 34AB; 
finally, the heat converted into work is 



(173) 
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the same entropy being lost from 3 to 4 that was acquired from 
1 to 2. 

This figure is drawn for the same conditions as Fig. 20. The 
amount of heat received, Q^, can be foimd only from the ratio of 
isothermal expansion, as in § 8, Ex. 1 : then the entropy follows 
by plain division, the value in this case being iV =50.36 ^800 = .63. 
It will be noted that the axis of T, or the Une of zero-entropy, 
is here placed right against the left side of the diagram, showing 
that change in N, rather than something like an absolute value, 
is the important variant. The difficulties in the way of a meas- 
lu^ment of entropy above some reference state, and also the 
representation pf certain other processes besides the isothermal 
and adiabatic operations, will now be illustrated. 

(c) The Two Simple Operations in which the variation of 
temperature is in constant ratio with the heat received are repre- 
sented according to the two systems in Figs. 76 and 77. The 
point 1 on Fig. 76 corresponds -with the same point on Fig. 20: 
and the matter to be discussed is, the different ways of bringing 
the pound of air to this starting-point of the Camot cycle there 
illustrated. 

As an initial reference state, the temperature 32*^ F. naturally 
suggests itself, and in Fig. 76 the isothermal line AC is drawn for 
this temperature, while 61 is a similar curve for 800® AF. Two 
of the possible wa)rs along which the gas can pass from the tempera- 
ture of 492*^ AF. to the point 1 are, by heating at constant pressure 
from the point A where the pressure is p^, and by heating at con- 
stant volume from the point C where the volume is Vj. Again, 
taking A as a single, definite starting-point, besides the direct 
change along Al, we could have an isothermal expansion along 
AC, then rise at constant volume along CI : or rise at constant 
volume from A to B followed by isothermal expansion from B to 1. 
The three operations lead to the same final result; and these are, 
of course, only particular cases out of the infinite number of possible 
paths from A to 1. 

The representation of these processes on the NT system is 
given in Fig. 77, where the lettering corresponds to Fig. 76. Let- 
ting c stand, in general, for any constant specific heat, we have, 
in Eqs. (171) and (172), 
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whence 



dN^f^c§; (174) 

2\r=cy^'*y^=cloge^=2.3026clog^, ' ' ^^^^^ 

the last expression being in terms of common logarithms. 

For heating at constant pressure, c =0.2375, and (176) becomes 

iV=0.546851og J; (176) 

while for constant volume the coefficient is 

.1690X2.3026=0.38914 (177) 

In passing from A to 1 at constant pressure the heat imparted 
is 

Q-.2375X(800-492) =73.16 H.U.; 

and the entropy gained by the gas is 

iV = 0.5469X(log 800-log 492) 
=0.5469X0.21112 = .1153. 

This entropy is OM in Fig. 77, and the heat Q is represented by 
the area AIMO. 

Of course, values of N for a number of different 7"s must be 
worked out in order to get a series of points for the curve Al; 
and a similar calculation is necessary for curve AB, or CI, whicK 
shows the change at constant volume. The corresponding dia- 
grams ABIC, on Fig. 76 and Fig. 77, give an interesting comparison 
of the two systems of representing thermodynamic processes. 

(d) The Measure op Entropy. — ^What we get by evaluating 
(170) or (172) is the gain in entropy of the body receiving heat, 
on accoimt of certain changes in temperature: but there is nothing 
to indicate at what dbtance from the OT-axis the measurement 
of this entropy shall be begun. In other words, there is no single, 
definite zero-line for entropy, and it cannot be measured in abso- 
lute terms, as can pressure, volume, and temperature. Of course, an 
adiabatic curve through any condition-point, as QR through A 
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on Fig. 76, will be a vertical reference-line on the NT diagram; 
but any such line can be used as the co-ordinate axis of tempera- 
ture. 

That there is no absolute zero of entropy, analogous to that of 
temperature, appears when we note that a logarithmic curve Uke 
lA or IC in Fig. 77 will go out to minus infinity for 7=0: so that 
the total entropy of a substance, due to an imaginary heat-impar- 
tation at constant rate from 0*^ AF. up to T, would be infinite. 
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Fig 77. — Entropy Diagram for Fig. 76. 



An important practical fact is that any curve from (175), as 
AB or CI in Fig. 77, can be moved sidewise as convenient : so that 
in any co-ordinate system (with any particular scales of T and 
N) a curve whose condition is that the heat imparted varies defi- 
nitely with the temperature need not be laid out ever}' time it is 
to be used. Once drawn, it can be shifted horizontally, as by a 
template, so as to pass through any desired point. And this is 
true for any relation of dQ to T, besides the simple relation in (174). 

(e) The Hydraulic Analogy, in connection with the ideal 
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heat-engine, as already used in § 8 (&), is the foundation of a line 
of reasoning that leads to a pseudo-physical conception of entropy 
which, while it is highly artificial, may serve to connect this rather 
elusive idea with familiar mechanical principles. 

Suppose that a certain weight of water TT is at a certain height 
A,, above sea-level; and that, in passing through a suitable motor, 
the water is lowered to and discharged at a level /i, above the 
same zero. At the upper level, the potential energy of the water 
is Wh^, the product of the weight-force W by the height, or by the 
distance through which the water is capable of moving under the 
action of this force; at the lower level the residual energy is TT/i,; 
and the energy given ofif by the water in being lowered is TF(Ai — /ij)* 
It must be clearly imderstood that in these expressions for work 
or energy, W stands for force pure and simple, and not for the 
quantity of the water-substance, which is what we are likely to 
mean by "weight." Then back of the two factors of work, force 
and distance, stands the water-substance itself, ser\dng in this 
case as a sort of vehicle of mechanical energy. 

Next, consider the operation of a thermal engine with the 
Carnot cycle. Heat is taken in at the upper temperature Tj, 
part of it is transformed into effective mechanical work, and the 
rest is rejected as heat at Tji the respective quantities of heat- 
energy, received, rejected, and converted, being proportional to 
Tj, Tj, and {T^ — T^y all in the same ratio. If now, instead of 
thinking of heat as a simple quantity, we resolve it into the factors 
T and iV, then T is analogous to the height A, and N to the weight 
W. From this point of view, some writers have called entropy 
"heat-weight": but the analogy weakens if we try to make N 
correspond with the force TT, even though the tendency of heat to 
sink from a higher to a lower level (or temperature) is as real a 
fact of nature as the force of gravity. A useful conception is got 
by letting A^ correspond with TT as a measure of quantity: so 
that N will measure a sort of imaginary energy-vehicle, which is 
back of the factors and back of the heat itself. In a sense, then, 
the entropy carries the heat. 

(/) Heat-conversion at Constant Entropy. — A characteristic 
of the performance of the ideal heat-engine is that the entropy 
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remains constant as the heat is lowered through the working- 
range of temperature. And from the operation of this apparatus — 
which is simply the embodiment of the thermodynamic process, 
the most perfect form, and the fundamental part of all forms, of 
the process of converting heat into work — we get the following 
ideas: 

When heat is imparted to the working-substance of a heat- 
engine, the entropy accompanies or carries the heat into the sub- 
stance. 

When heat is transformed into effective mechanical work 
(the work of a closed cycle), it leaves its entropy in the working- 
substance, with the residual heat-energy. 

The heat rejected takes with it all the entropy that came in 
with the heat supplied. 

In other words, it is a fundamental fact of thermodynamics 
that entropy goes into or out of the cycle only with heat as heat, 
not with heat transformed. 

This action parallels exactly that of the water in relation to its. 
potential energy in the hydraulic cycle: but, as stated in § 8 (k), 
the analogy will not hold for the details of the respective processes. 

For all practical purposes, the mathematical idea of entropy 
is sufficient; and in our further discussions the language belonging 
to that conception will be chiefly used. 

(g) Heat-transfer "with Gain op Entropy. — Having a cer- 
tain amoimt of heat Q^ in a soiu'ce at Tj, and capable of being 
given off for thermodynamic use at this temperature, we may call 
the quotient iSTj, equal to Q, di\'ided by Tj, the initial entropy of 
the heat — even though it rtiay be, strictly, the entropy of a certain 
amount of the substance of the "source." If the impartation to 
the working-substance of the heat-engine is isothermal, or revers- 
ible at r,, then the entropy acquired by this substance is the 
same as the initial entropy of the heat. But if the heat passes 
across a temperature-gap, or if the process is not reversible, then 
the factor N in the first term of the equation 
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is less than the initial entropy N^ in 

NJ.^Q (179) 

That is, in the purely thermal operation of the transfer of heat 
from one body to another, there may be an increase in entropy: 
and with this goes a loss of thermod3aiamic potentiaUty, as vnll 
now be made clear. 
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Fig. 78. — ^Diagrams of a Non-reversible Cycle. 



(h) A Non-reversible Cycle. — As a concrete example imder 
the statements just made, consider the imperfect cycle in Fig. 78. 
This consists of two operations at constant pressure, for the recep- 
tion and rejection of heat, with two adiabatics; it has the same 
temperature-range and the same general conditions as the Carnot 
cycle of Figs. 20 and 75; and is formed graphically, in I., by draw- 
ing horizontal Unes through the points 2 and 4 of Fig. 20. Then 
the AT diagram is got by moving sidewise the curve Al oi Fig. 77, 
most conveniently by means of a template, until it passes first 
through 2 and then through 4 of the rectangular diagram. This 



5 30 (h)] GENERAL IDEAS AS TO ENTROPY. 217 

graphical determination of the temperature at A and at C is accu- 
rate enough for present purposes. 

The heat received is Q^^NT^^OAB^, according to (178), 
where N is ON and Tmi is the mean height of the curve AB. In 
the source, at T^ this same heat Qi was represented by the area 
OTFH, equal to OABN, where OH was got by the relation 

0H-Ar.-^.:2ABN^ (180) 

from the measured area OABN. 

If this heat were taken into a perfect cycle with the same limits 
Tj and Tj* represented by TFGD, then the heat rejected, the un- 
avoidable loss of energy, would be ODGH, equal to N^T^f ^^^ ^^e 
effect of the imperfection in the upper part of the cycle is to increase 
this imavoidable loss to ODEN, by the amount (N—Ni)T2. 

Further, on the lower side of the cycle, the heat actually rejected 
is Q,«iVrm2"0DCN: here again the heat drops across a tempera- 
ture-gap to the receiver; and at the temperature Tj it is represented 
by ODJK=i\r,rj=ODCN. Then the addition to the lost heat, on 
account of imperfect heat-rejection, is NEJK, or (iVj— iNr)^,. 

This brings us to the conclusion that the avoidable waste in an 
imperfect cycle is measured by the increase in the entropy of the 
heat from the source to the receiver. 

(i) Heat-waste in the Steam-plant. — In any actual appa- 
ratus, a certain temperature-difference is essential to the reasonably 
rapid flow or transfer of heat. In the steam-plant, on the reception 
side, this difference is very great; thus, with a temperature of 
steam-formation below 400° F., the highest temperature of the 
hot gases may be over 2000® F.; so that part of the heat drops 
across a gap of 1600°; and at the best, the gap is not reduced to 
less than from 100° to 200° by the time the gases leave the boiler. 
On the rejection side, the difference is less: from a non-condensing 
engine, exhaust steam at 212° mixes with air at from 0° to 90°, 
according to the weather: while in a condenser the difference 
between the mean temperature of the cooling-water and that of 
the entering steam is usually from 30° to 60°. 

To show the great increase in the proportion of heat rejected 
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by the engine, on account of its inability to receive heat at a temper- 
ature somewhere near that at which it is generated by the com- 
bustion, consider the following case: 

Suppose that the furnace could supply heat effectively at 
20W AF., and that the actual limits of the engine are 800° AF. 
and 500° AF. Then for 1000 H.U. available at 2000°, the entropy 
is iVi=0.5; and worked through a perfect cycle to 500°, only 
iVir^ =0.5X500 =250 H.U. would be rejected. At 800° AF., the 
entropy of this same heat would be iV = 1.25; and then the rejected 
heat cannot be less than NT^^ = 1 .25 X 500 = 625 H.U. The increase 
in the unavoidable waste, from 250 to 625 H.U., is due to the in- 
crease in entropy from 0.5 to 1.25, or is (iV -iNTJ 7^2=0.75x500- 
375 H.U. 

Of course, an ordinary boiler-furnace could supply only a 
small part of the heat of combustion of the fuel at a temperature 
such as 1500° F. : but if the thermodynamic apparatus could use 
the heat at such temperatures, the regenerative furnace used in 
metallurgy could supply it without excessive waste up the chinmey. 

§ 31. Entropy Diagrams for Steam. 

(a) The Entropy of Formation of Steam. — The foundation 
for all graphical work under this system with steam is a diagram 
made by plotting Ck)limms 9 and 10 of the Steam-table, as in Fig. 79. 
The curve PQ shows a, laid out from OT, while RS is got by adding 
6 to a, or measuring off 6 from PQ. Of course, the uniform ver- 
tical scale is in degrees of temperature, common or absolute, as 
marked in the middle of the figure; but the varjdng scale of cor- 
responding pressures, at the side, is more convenient for use, both 
with data from the Steam-table and from actual steam diagrams 
or indicator cards. The line of zero-entropy, OT, is the adiabatic 
through the initial state, that of water at 32° F. 

The complete entropy diagram for the whole operation of 
steam-formation is made up of the curve PA for the heating of 
the water and the line AB for the vaporization: then PQ, up to 
any particular height, is a curve of operation, as is also AB: while 
RS is only a locus of condition, representing the curve of constant 
steam-weight. 
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This diagram does not represent total quantities of heat, because 
the base-line ON is at 500*^ AF. instead of at absolute zero. Then 
each strip, of the width JN =0.2 and height 500*^ below the line 
ON, stands for 100 B.T.U. For practical use, it is better thus to 
have the range of ordinary temperatures laid out to a large scale, 
even though the efficiency and the relative heat quantities are 
less strikingly apparent. 
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Fig. 79. — ^Fundamental Curves for Steam. 

The scales used on the original of this figure, r'^0.2 of N,. 
and r'=50° F., are very convenient, giving diagrams of fair size,, 
with the area-scale 1 sq. in. « 10 B.T.U., as indicated. 

(6) The Two Steam-cycles are represented in Fig. 80, which 
corresponds in proportions with Figs. 25 and 26. The Camot 
cycle, or Cycle A, 1234 on Fig. 25, is here ABCD; and Cycle B 
is ABCE. For the area ABCD, Na = .465, Nb - 1.604, or N = 1.139; 
the respective Cs are 320*^ and 213*^, so that (^-^)-107: then 
107X1.139 = 121.8 H.U. is the heat transformed, per pound of 
steam, as calculated also on page 74. The total heat received 
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is iVxri = 1.139x780=888.4. For Cycle B, the heat received 
would be the area under EAB, down to absolute zero. 

To show the relatively large effect of the drop in back-pressure 




Fig. 80. — Ideal Steam-cycles, 
and in exhaust-temperature, due to change from the non-condensing 
to the condensing condition, the line E'D'C is drawn for an abso- 
lute badc-pressure of about 2 lbs. 

/Q 




N ■ ,• 
Fig. 81. — Entropy Diagram for Fig. 26. 
(c) Ideal Steam Diagram. — The shaded diagram of Fig. 26 
is reproduced on the NT system in Fig. 81. The ratio AB to AR 
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is made equal to AB/Al on Fig. 26: then BC is the curve of hyper- 
bolic expansion, running well above the adiabatic (to the right of 
BG, here) ; and CD is the curve of pressure-drop at end of stroke, 
laid ofif as though the steam were condensed at constant volume 
from C to D. The manner of drawing this will be set forth pres- 
ently. The adiabatic line RF corresponds with the curve 12 in 
Fig. 26: and the losses of effect due to imperfect realization of 
the cycle are represented by the area between BCD and RF, above 
the level of ED. Note that the full outline of this diagram, includ- 
ing the condensation by the cylinder-walls at constant pressure 
during admission, is EARBCDE. 




Fig. 82. — Steam Diagram with Late Cut-off. 

(d) Transforming the Steam Diagram. — To show the manner 
of deriving a diagram like Fig. 81, an example with more striking 
proportions is illustrated in Figs. 82 and 83. On the steam dia- 
gram, where the fraction of cylinder-condensation is taken to be 
w— BR/AR, the adiabatic RU is drawn through the dry-steam 
point R for a reference-curve. 

Then on any isothermal line, as AjUj, we have only to repro- 
duce in Fig. 83 the ratio A^Bj : A^V^, in order to get a point Bj 
on the NT curve BC. Below the release-point C the same method 
can be used as long as the adiabatic RU is within reach — as for 
the point C^. Farther down, as at A3C2, we divide the volume A3C2, 
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Fig. 82, by the specific volume Sj at the pressure OA^, taken from 
the Steam-table: then multiplying the full entropy of evaporation, 
A2S1 in Fig. 83, by this ratio, we get the length A^C, which locates 
the point Cj on the release curve CD. 

Two particular properties of steam — ^that the isothennals are 
horizontal lines on both systems, and that heat imparted varies 




, J-N 



Fio. 83. — Entropy Diagram from Fig. 82. 



directly as volume during evaporation — contribute greatly to sim- 
pUcity and convenience in the construction of the entropy dia- 
gram. 

So far as the steam left in the cylinder at any instant during 
the release is concerned, it is immaterial whether the rest of the 
steam escapes or is condensed at constant volume: thermody- 
namically, the latter is the simpler operation, and we assume it to 
exist when plotting the curve CD. 

The whole loss of effect is now BCDFR, on Fig. 83; and we 
have the result of incomplete expansion represented in much more 
convenient form than on a pressure-volume diagram. 

The methods just developed are employed when converting an 
indicator diagram to the entropy system: but with actual work- 
ing conditions several complications are introduced, notably by 
the presence of the clearance-steam along with the working steam 
in the cylinder, and by the various wire-drawing actions. 
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(e) The Acthon of the Clearance-steam, as set forth in 
§ 19 (d) and (e), must now be more closely scrutinized: and it 
will appear that the assumption of identical curves of compression 
and of expansion for this body of steam is not correct. 

Under the methods available and employed in engine-testing, 
there is an inherent uncertainty as to the exact weight of the com- 
pressed steam. As a good working hypothesis, however, it seems 
reasonable to assume that the steam is dry-saturated when com- 
pression begins; because a large part of the moisture in the ex- 
panded steam must have been swept out as water in the first rush 
of the exhaust, when the valve opened widely while the piston 
was near the far end of the cylinder; and during the return-stroke 
exhaust the heat in the metal has been passing into a decreasing 
weight of low-pressure steam: so that the residual steam is likely 
to be fully dried, if not even slightly superheated, when the valve 
closes to exhaust. 

In Fig. 84, let E and C be the points used in calculating the 
I.S.C.: the two distances FE and DC then represent volumes of 
saturated steam; but with the difference that the steam at C is 
dry, while that measured by FE has a considerable proportion 
of water mixed with it. Finding at G a point on a curve of con- 
stant steam-weight through C, we have the I.S.C. represented 
by GE. To get G, it is most convenient to use the specific steam- 
weight d from the Steam-table: thus the distance DC, on this 
figure, was 3.50"; for C, at a pressure of 20 lbs., the weight per 
cubic foot is .0503; at G, 95 lbs. pressure, it is .2171; then, since 
the weight is the same at these two points, FG was found to be 

3.50 X. 0503 Q,,„ 
.2171 "-^^^ • 

Now let 5' be the indicated steam per cycle, as foimd by GE, 
or by using E and C in Eq. (98) ; S the actual weight of working- 
steam, as determined by a condenser-test; and S^ the clearance- 
steam, calculated from C or G. At the pressure pg, S' is repre- 
sented by GE, and Sq by FG; and by making 

GM:GE^S:S' (181) 
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we represent S by GM. Then the whole weight of steam, S^+S, 
in the dry state, would occupy the volume FM. 

The curve CJ, here an equilateral hyperbola, if produced up- 
ward cuts inside of G, showing the condensation of the compressed 
steam on account of abstraction of heat by the metal surfaces. 
This compression is carried clear up to the highest pressure reached 
in the cylinder; and then expansion of the total steam begins. 

As to this expansion, the only workable hypothesis is that the 
body of steam in the cylinder is homogeneous: then if FE repre- 
sents the volume of the total steam, FH, got by making 

FH : FE=FG : FM-/So : (S^+S), 

will show the volume of the clearance-steam to the same scale, 
or under the same conditions. A curve of expansion through H, 
similar to the main expansion-curve ES, and got by dividing 
any abscissa FE in this same ratio, will complete the representa- 
tion of the action of the dead steam. 

We see, therefore, that this steam goes through the small cycle 
QJGLHR, with a negative effective work: and that a minor part 
of the total loss due to cylinder-condensation may be thought of 
as effectuating itself through the shrinkage in the volume of the 
clearance-steam, while the greater part results from a similar 
effect upon the working steam. The idea, in § 19 (a), of separating 
the two bodies of steam by an imaginary diaphragm — which 
must, however, be entirely pervious to heat, so as not to interfere 
with homogeneity of the steam during expansion — ^may be helpful 
in connection with the cycle-diagram of the clearance-steam. 

(J) Wire-drawing. — ^The effect of this action, whereby the 
area AJKBEA on Fig. 84 is lost from the full diagram of expansion 
of the working-steam, is to change pressure-work first into kinetic 
energy of the steam-currents, then into heat. So far as results are 
concerned, this heat might just as well have come into the steam 
from some outside source. It has a certain thermodynamic value, 
which is exhibited on the diagram in the fact that the expansion- 
line ES is a little farther to the right than it would be if this small 
extra supply of heat had not been received. On this figure, for 
instance, the total lost area outlined above measured 1.20 sq. ins. 



§31(/)] 



ENTROPY DIAGRAMS FOR STEAM. 



225 



Adopting a volume-scale which would make GM represent the 
volume of 1 lb. of steam at 95 lbs. pressure, the area-scale was 
4250 F.P. or 5.47 B.T.U. per square inch; so that the lost work 
is 6.6 B.T.U. ; and with the latent heat r equal to 885.6, this heat 
would evaporate .0075 of 1 lb. of steam. This fraction of GM is 
measured ofif at EE', and is so small as to be scarcely visible on 
the reduced drawing. Other things being equal, however — such 
as the amount of heat absorbed by the cylinder-walls, down to E — 
the small shifting of the expansion-curve adds to the diagram a 




Fig. 84. — Steam Diagram with Large Proportion of Clearance-steam. 

little area, which partly compensates, but only to a slight degree^ 
for that lost by wire-drawing. This small action is merged into^ 
and entirely overshadowed by, that of the cylinder-walls. 

Wire-drawing through a wider range of pressure, such as that 
which takes place in the steam-calorimeter, is represented on the 
entropy system in Fig. 86. But in transforming indicator diagrams, 
the only practical procedure is to ignore the detail of this process^ 
and represent simply its net result, showing the entropy-equivalent 
of the reaUzed volume at any pressure, just as is done, for the 
release-curve, in Figs. 81 and 83. 

(g) The Transformed Indicator Diagram.— The full-line 
diagram ABCDEF in Fig. 85 represents the indicator diagram 
AESTQJA of Fig. 84: it is derived by finding the ratio of horizontal 
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intercepts between the end-curves AJQ and AEST to the corre- 
sponding specific volumes, in Fig. 84; and then measuring off 
from AF, in Fig. 85, these fractions of the intercepts between AF 
and RS. Table 31 A shows the operation in detail. 

Table 31 A. Calculations for Fig. 85. 



Pressure 


Volume Realised 


Specific Volume 


Entropy 
of Evaporation 


Actual Entropy 


P 


V 


• 


N 


110 


2.01 


4.02 


5.53 


2.76 


100 


2.89 


4.39 


5.62 


3.70 


90 


3.42 


4.85 


5.71 


4.03 


80 


4.06 


5.41 


5.81 


4.35 


70 


4.84 


6.13 


5.93 


4.68 


60 


5.65 


7.09 


6.05 


4.82 



In this table v is the volume-intercept on Fig. 84, reduced 
to cubic feet. To get the volumenscale, we have that GM, equal 
to 3.12", represents 4.61 cu. ft. of steam; so that 1" stands for 
1.476 cu. ft.: then measurements from the indicator diagram are 
multipUed by this factor to give the values of v. 

The specific volume « is taken directly from the Steam-table. 
In strict accuracy, u, equal to (s—w), should be used instead of 
s: but in any work that can be done with actual diagrams the 
effect of this refinement would be absolutely invisible. 

The total entropy of evaporation, 6, is here reduced to inches 
on Fig. 85, so that the result of the calculation, 



8 ' 



(182) 



will also be in inches, and ready^to lay off. 

At 60 lbs., for instance, the entropy-length for Fig. 85 is 

5.B5. 



7.09 



X6.05=4.82"; 



and, working directly upon the figures, it ia just about as easy to 
make the whole computation at once, instead of first reducing v 
to cubic feet, in the form 



3.83^X1.476 
7.09 cu. ft. 



X6.05"«4.82". 
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Graphical constructions, an extension of the principle of 
Fig. 42 III., can be used for finding the abscissa-length for Fig. 85. 
But with so many elements involved, the method of measurement 
and calculation is easier, provided that the arithmetical work is 
done with a sUde-rule, and is quite as acciu^ate. 
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Fio. 85. — Entropy Diagram from Fig. 84. 

(h) Discussion of Fig. 85. — In this figure, besides the repro- 
duction of the outline of the indicator diagram, the expansion- 
curve CD is produced back to G, so as to bound the area AGCBA 
which represents the loss due to wire-drawing. As suggested at 
the end of (/), the curve ABC does not show in detail the complex 
thermodynamic operation of wire-drawing; but had better be 
thought of as simply a reproduction, on this heat-unit system, of 
the work-diagram in Fig. 84. 

By drawing another expansion-curve at a short distance to the 
left of GCD (corresponding to E'E on Fig. 84), we could show 
what would take place if there were no wire-drawing: but the area 
between this curve and CD would be only a small fraction of AGC. 

Now the total loss of work due to cyUnder-walls and to incom- 
plete expansion is GDEUR: and if we wish to separate the effects 
of wall-action upon the working-steam and upon the clearance- 
steam, we draw the curve HJK, by taking intercepts between 
LHR and BEST on Fig. 84 and going through the operation of 
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Table 31 A. Then the negative work of the clearance-steam cycle is. 
represented by GDEKJH. 

One very important advantage of the entropy diagram is that 
it represents the quantities of heat involved in any such operation 
as the transfer to and from the cylinder-walls. Thus, down ta 
cut-ofif at C, the walls have taken up the heat represented by the 
area between ACL and RU, running down to absolute zero: while 
during expansion the heat LCDN is returned to the steam. 

To get a clear idea of the full thermal behavior of the clearance- 
steam, we should have to change its cycle-diagram, LJQRHL on 
Fig. 84, to the entropy sy^em: and could then follow closely the 
action of the cyUnder-walls during compression. But for the single 
purpose of showing the total loss due to imperfect realization of 
the steam-engine cycle, the full-line diagram on Fig. 85 is suffi- 
cient. With a compound engine there will be two or more such 
diagrams, in vertical series, each drawn by the method used here. 

(i) Superheated Steam. — ^For the operation of superheating 
at constant pressure, and using the specific heat 0.4805 in Eq. (175)^ 
we get 



N- 



a.l0641og^ (183> 

As stated in § 30 (c?), a single ciu^e can be drawn for the 
full range of temperature likely to be covered, and then shifted 
sidewise as desired. The data for this curve are given in Table 
31 B, where the increments of entropy for each 50® of tempera- 
ture-rise are calculated. 

Table 31 B. Data for the Superheat Curve. 



Tt 


r. 


AN 


N 


Tx 


Tt 


AN 


N 


600 


650 


.03846 


.03846 


900 


950 


.02598 


.22081 


650 


700 


.03562 


.07408 


950 


1000 


.02466 


.24546 


700 


750 


.03315 


.10723 


1000 


1050 


.02345 


.26891 


750 


800 


.03101 


.13824 


1050 


1100 


.02236 


.29126 


800 


^ 850 


.02911 


.16735 


1100 


1150 


.02137 


.31363 


850 


900 


.02748 


.19483 


1150 


1200 


.02044 


.33407 



Besides the successive increments JW, the total entropy N above 
the state at 600® AF., as got by cumulative addition, is given in 
the fourth cohunn. 
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The entropy-curve for superheat is drawn at TU in Fig. 86, 
with TV as the reference-line from which N is measured. Then 
by means of a template, or by measurement, this curve can be 
moved horizontally so as to pass through any desired point on 
the satiu^tion-curve RS. 



300-= 



200^ 




Fio. 86. — Diagram for Superheat and for the Steam-jet. 



(/) Energy of the Steam-jet. — Fig. 52 is represented in 
terms of entropy and temperature on Fig. 86, which shows graphi- 
cally the energy-quantities used in getting the curves on Figs. 49, 
50, and 51. AB is the isothermal line of evaporation at 120 lbs. 
Initially dry steam, expanding in the jet from 120 to 15 lbs., 
receives the energy ABCD; and T^ath a lower pressure of 1 lb. abe., 
the energy of the jet is ABCiy. A series of horizontal lines, 
spaced by the pressure-scale, will give a representation of the suc- 
cessive values of E in the 120-lb. column of Table 24 A or Table V. 

The vertical lines, spaced at equal intervals between A and B, 
show the effects of different initial fractions of moisture: thus 
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with Xi=.60, the effective areas are bounded on the right by the 
adiabatie EF'. This illustrates very clearly the proportional 
method set forth in § 24 (d) ; areas between AI/ and AG' showing 
the energy of a jet of hot water. 

For the case of steam initially superheated, the temperature 
for v = 1.2s, where Tg =801.0° at 120 lbs. pressure, is found by 
Eq. (63) to be T =937.7° AF. A superheat curve is passed through 
B, and Umited by 7" at H : then the vertical HN is the adiabatie 
line for jet-expansion of the superheated steam. This line crosses 
the saturation-curve at M,' showing at what point the steam in 
the jet ceases to be superheated and begins to condense. With a 
higher terminal pressure, as 75 lbs., for which LK is drawn, the 
temperature of the steam is found by passing the superheat curve 
KJ through K to meet HN at J. The relatively small thermal value 
of a superheating action, as compared with evaporation-eflfects, 
becomes strikingly apparent in this diagram. 

(k) Diagram for Wire-drawing. — In complete wire-drawing, 
the energy put into the steam-jet is all changed back into heat as 
the currents come to rest at the lower pressure. The case of 
steam initially dry at 120 lbs., dropped to atmospheric pressure 
by throttUng, is represented by the diagram BCLP. The energy 
of the jet is equal to ABCD : and when this is reconverted into 
heat, it evaporates all the moisture in the steam, along CL, then 
superheats it up to P, to a temperature calculated in Table 29 A. 
The area under CLP must be equal to ABCD. 



CHAPTER VII. 
THE MECHANICS OF THE ENGINE. 

§ 32. Forces in the Machine. 

(a) Forces on the Moving Parts of the Engine. — In taking 
up a study of the force-actions in the common reciprocating piston- 
engine, we find a sufficient foundation of practical knowledge of 
the machine in the description of a simple high-speed engine given 
in Chapter I. ; and the full description of the important variations 
in general form and of the details of construction will not be under- 
taken until the mechanical principles, as well as those of the ther- 
modynamic action of the engine, have been set forth. 

Starting, naturally, with the steam in the cylinder and the 
working-pressure which it exerts upon the piston, we note at once 
that a part of the subject — the total or mean effect of the steam 
in doing work upon the piston — has already been fully covered 
in Chapter IV., in the first part of § 20. But what we are now 
concerned with is not so much the resultant work-effect, expressi- 
ble in terms of the mean effective pressure, as the actual, variant 
force-action in the engine: and of the system of forces whose 
relations we are now to consider, the steam-pressure is merely the 
primary member, while the final is the working-force which meets 
the resistance of the externally-appHed load. This system is 
represented in Fig. 101, on an outhne of the engine mechanism. 

For the present, friction in the machine ^ill not be taken into 
account, but we will assume the ideal condition that all the work 
done upon the piston is delivered at the output point. The weights 
of the reciprocating parts — ^that is, the force which gravity exerts 
upon them — are likewise neglected, as being relatively insignifi- 
cant. 
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Turning now to Fig. 101, we trace out the sequence of forces as 
follows: 

(6) Forces on the Piston-slide. -Upon the sUding-piece 
made up of piston, piston-rod, and cross-head act forces shown 
first on the main figure, and then, in combination, at A. These are: 




Fio. 101. — Forces on the Moving Parts. 

Pf= forward steam-pressure, the full, absolute pressure acting 

on the forward-moving or driving side of the piston at 

the instant. 
Pb= back-pressure, on the exhaust or return-stroke side of the 

piston. Then 
Pb=Pp-"Pb is the effective steam-pressure on the piston. 
F^ = inertia-force of slide, its reaction against the acceleration 

essential to its rapidly changing velocity. 
Pi>=P^—Fi is then the final effective driving-force, delivered at 
the wrist-pin W for transmission to the crank. 

These forces may be expressed either in pounds per square 
inch or as total forces on the piston, bringing in the area-factor 
il, according to the relation P = pXA. The steam-pressures are 
usually got from indicator diagrams, and it is then more convenient 
to keep them in pounds per square inch and bring the other forces 
to the same terms. Here, however, we are considering total 
effects; so that what are really distributed forces, spread out over 
the surface of the piston or the mass of the slide, are reduced to, 
and represented by, single, concentrated forces along the axis. 
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From the beginning to, approximately, the middle of the stroke, 
the slide is being accelerated, and the inertia F^ points in the 
direction shown, against the forward driving-force; but in the 
second half of the stroke the slide is retarded (or, its acceleration 
is negative), and F^ then reverses. At high speeds, this force due 
to the mass and motion of the working parts modifies very materially 
the play of the resultant steam-pressure Pg. 

Considering just the one position shown, the work being done 
upon the piston by P^ is not all transmitted to the crank, but 
part of it is being stored in the slide as kinetic energy. Since, 
however, the slide has zero velocity at each end of the stroke, the 
inflow and outflow of energy must balance; and, as a net result, 
all the effective steam-work will be carried over to the crank, as 
stated above. 

(c) Transmission to the Crank. — ^The principal forces in 
equilibriiun at the wrist-pin are P© and Pw, the latter the pres- 
sure of the connecting-rod upon the pin; but since these are, in 
general, not in line, the third force essential to equilibrium is sup- 
plied by the guide-reaction Qq, perpendicular to the slide-bar. In 
this figure, Q is used to indicate a force which does not move in 
the direction of its action — that is, one which acts upon a body 
that does not thus move — so that it cannot do work. 

The connecting-rod WC has, of course, an inertia-force of its own, 
which would have to be determined and taken into accoimt in 
order to- find the exact manner of the force-transmission. This is 
a difficult operation, and it is usual to adopt the approximation 
of considering a part of the mass of the rod concentrated at W, 
where it adds itself to the slide and increases P^, and the rest at 
C, where it has a radial, centrifugal inertia-force, with no turning- 
effect upon the crank. Then the rod can be taken as a weight- 
less link, transmitting force along the center-line from W to C. 

Coming now to the crank-pin, we have the force Pq, equal to 
Pw reversed, exerted upon it by the connecting-rod. Resolvuig 
this into components perpendicular to and along the crank-arm 
OC, T is the turning-force, or force tangential to the crank-circle, 
while Qk is the radial component, which simply presses the shaft 
against the bearings. 
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This turning-force T, with the lever-arm R, must equal in 
effect the resistance Tj, here taken tangential to the wheel, at the 
radius R^. In the aggregate the average moment TR must equal 
TiRi'f but since T varies widely, equilibrium exists only at certain 
positions of the engine: in all others there is an imbalanced turn- 
ing-moment, free to give angular acceleration to the shaft, and 
acting against the moment of inertia of the fly-wheel, represented 
by the couple Fy^Fw 

Under the assumption that no work is lost through friction, the 
work done by T upon the crank in one revolution must be the 
same as that done upon the piston by the steam-pressure. During 
each stroke, the piston moves through the distance 2R, the crank- 
pin through kR; using the subscript m to mark mean values, we 
have 

PEmX2iB ^Pdih X2iB = Tga^^R't 

whence, using Pm for either M.E.P., 

rm=-Pm = .6366Pm (201) 

(d) Exact Force-action on the Connecting-rod. — This is 
illustrated in Fig. 102, the explanation of which is as follows: 



Fig. 102. — Forces on the Connecting-rod. 

Assuming the total inertia-force F, — the concentrated result- 
ant of the small inertias of the distributed particles of the rod — 
to be known, we may replace it by parallel components at the pins 
Fw at W, Fq at C. Now besides transmitting force along its 
center-line, the rod must receive from the pins component forces 
equal and opposite to Fw and Fq respectively. Or, conversely, the 
pressure Pw on the wrist-pin will be the resultant of P^f along the 
rod, and Fw By a method which will be developed later, it is 
possible to make the resultant of Pp and Qq equal that of Fw and 
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Ps* and then carrying this Pg over to C and combining it with 
Pc> we get the other pin-pressure. 

For the sake of knowing how nearly correct is the approxima- 
tion described in (c), the inertia-efifect of the rod is worked out 
by both methods in § 37 (e), with the additional object of deter- 
mining the best proportion for the division of the rod-mass between 
W and C. It appears that the method used in Fig. 101 is amply 
accurate for all practical purposes. 




Fio. 103.— Forces on Shaft and Wheel. 

(e) £}QUiLiBRnjM OP THE Shaft. — In Fig. 101 the system of 
forces acting on the shaft is not complete, because the pressure 
with which the bearings balance the resultant of all the other 
forces is not included. The complete set of forces is shown in Fig. 
103, several being added to those given on Fig. 101. An important 
mechanical principle which applies in this case is shown at II., 
and may be stated as follows: 

If the force P acting upon a body does not pass through the 
center or axis about which the body is compelled to turn, this 
force will have two eflfects: it will tend to push the body straight 
ahead in its own direction, as though a force B^ equal and parallel 
to itself were applied at the center, and resisted by the equal and 
opposite reaction of the bearing; and will also exert a turning- 
moment, that of the couple made up of P and S,, tending to turn 
the body about O. 
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In order, then, to find the pressure on the bearing, we have only 
to combine all the forces acting upon the shaft, whether they pass 
through the center or not. On Fig. 103 these forces are — 

Pc= pressure of connecting-rod on crank-pin. 

W =weight of whole rotating piece. 

Z/= resultant load force: here the power is supposed to be taken 
from the engine by a belt, the diflference between the two 
tensions, L^ on the tight or driving side and L, on the slack 
side, being equal to the Tj on Fig. 101. Then L is the result- 
ant of the two belt-pulls. 

Fb= centrifugal force of the counterweight: this is an eccentric 
mass, attached to the crank opposite the crank-pin, in 
order that its centrifugal force may partly balance the 
inertia-force F^ of the reciprocating parts, in a manner 
which will be explained presently. 

The resultant of these f oiur forces is f oimd in the force-polygon 
at III., by laying them out in order and drawing the closing side B: 
as marked here, its arrow against the others, it is the resultant; 
as drawn in I. it is the equilibrant, the reaction of the bearing 
against the shaft. 

Of these forces, the one that shows the greatest variation in 
character is the load L. In many cases — as when the engine is 
direct-connected to an electric generator, or to a screw-propeller — 
the resistance is a simple torque, with no tendency to press the shaft 
upon the bearing in any particular direction. In a locomotive, 
the resistance is tangential to the driving-wheels. In direct- 
acting air-compressors and piunps, where the whole engine-mechan- 
ism is used merely to regulate the speed and stroke, no power 
being taken from the shaft, the only resistance to the turning- 
moment on the crank is the angular inertia of the wheel, again a 
simple torque. 

With the symmetrical arrangement of the center-crank engine 
in Figs. 2 to 5, it is strictly correct to consider the forces on the 
shaft as all acting in one vertical plane. But in some cases this 
is only a representation of resultant effect: with a side-crank 
engine, for instance, it is necessary to go through quite a complex 
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analysis in order to determine the forces on the bearings and the 
stresses in the shaft. 

(/) The Forces on the Engine-bed, on account of steam- 
pressure and of the inertia of the reciprocating parts, are shown 
in Fig. 104. The resultant of the two steam-pressures on the 
cylinder-heads is P^. The driving-force P© combines with the 
guide-reaction to give the crank-pin pressure Pc; and this, trans- 
ferred to the center of the shaft according to Fig. 103 II., and 
there resolved back into its components, gives the forces Qq and Pp 
as exerted upon the bearing (the bed) by the shaft. 




Fio. 104. — Forces on the Engine-bed. 

Considering horizontal forces, it appears that the bearing-pres- 
sure Pd is less than the steam-reaction Pe, so that the engine- 
bed is not in static equilibrium. Separating Pe into two parts, as 
at A, one equal to P©, the other to P^, we see that the working- 
forces proper do form a balanced system within the machine, as 
shown by the opposing Pd's; but the absorption of a part of Pj- 
on-the-piston in accelerating the latter, or overcoming the inertia 
Fi, leaves the corresponding part of PE-on-the-cylinder as an 
unbalanced force, free to accelerate the whole body of the engine 
in the other direction. A close analogy exists between this state 
of affairs and the recoil action in a gun: there the entire working- 
pressure of the powder-gases (barring friction) acts to accelerate 
the projectile, and reacts upon the gim and its mount with a force 
exactly equal to the inertia of the projectile; similarly the engine, 
accelerating the slide in one direction, is pushed the other way by a 
force identical with the inertia-force of the slide. This force, rapidly 
changing and reversing, tends to produce a shaking effect — which 
will be a mere tremor, perhaps imperceptible, with massive founda- 
tions; but may become a very serious vibration where the foundar 
tion-mass is relatively small, as in marine engines especially. 
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The two vertical forces, Qq at W and at 0, Fig. 104, fonn a 
couple; and since this is the only turning-moment exerted upon 
the bed, it must, on general principles, be equal to, and in a sense 
the reaction against, the moment TR produced by the steam- 
pressure upon the crank — an equivalence which will be fully shown 
in connection with the turning-force relations. It is through this 
couple that the load-torque is felt by the engine-bed. 

If the load-force, like L in Fig. 103, is steady and imiform, it 
simply develops a stress in the foundation-bolts, which can easily 
.be provided for. 



Fig. 105. — ^Effect of the Counterbalance. 

(g) Counterbalancing. — The method used to diminish the 
shaking effect of the inertia of the reciprocating parts is shown 
in Fig. 105. This consists in placing an eccentric mass on the crank- 
disk, opposite the crank-pin; its centrifugal force F^ will have 
components H and V at the center of the shaft; and the former 
acts against F^, reducing the horizontal shaking-force to (F^—H). 
Of course, this introduces the variable free vertical force V: and 
the proper relative magnitude of (F^ — fO and V is to be determined 
by the conditions of the particular case. When no special require- 
ments are imposed, the logical proceeding is to make them about 
•equal in their maximum values— which maxima are not simul- 
taneous, but are separated by about 90° of crank travel. 

(A) We have now covered in a general way the whole matter 
of the actions of the forces in the working-mechanism or ** main- 
train" of the engine. The next step is to go over the same ground 
in detail, developing methods of determining the values of all 
the forces, and studying the manner and the effects of their varia- 
tion. The steam-pressure is determined (and determinable) only 
by the indicator diagram, whose form we already know: this 



i 33 (a)] KINEMATICS OF THE ENGINE MECHANISM. 



239 



leaves the inertia-force as the important unknown quantity; and 
to find out its value we must make a complete study of the motion 
of the engine. 



§ 33. Kinematics of the Engine Mechanism. 

(a) Constrained Motion. — In any problem upon the motion 
of freely moving bodies, it is necessary first to know the forces 
acting, and then to determine the resulting movements. In a 
machine, however, the parts can travel only in certain definite 
paths; and when, further, a major condition can be imposed 
which will entirely determine the motion of one part, that of the 
others may be derived by purely kinematic (that is, geometric) 
methods. In the steam-engine this major condition is that the 
shaft or crank shall rotate at imiform speed. 

This uniform rotation is, of course, secured by the use of a 
fly-wheel; and in no engine is the uniformity absolute. But in 
the vast majority of cases the variations in rotary speed, within 
the revolution, are insignificant; and their effect upon the very 
large accelerations of the reciprocating parts is negligible. 

(b) Harmonic Motion. — Before taking up the actual engine- 
mechanism, consisting of bed, sUde, connecting-rod, and crank, 
we will discuss the simpler mechanism outlined in Fig. 1Q6. In- 





FiQ. 106.— The Crossed Slider-crank. 



Fig. 107— Diagram of Piston- 
displacement. 



stead of the connecting-rod, there is a cross-slot SS formed in the 
slide TT, in which works the small block W surrounding the crank- 
pin C. The simplest motion that can be gotten from, or deter- 
mined by, a rotating crank is the harmonic motion of the projection 
D, of the pin-center C upon the diameter AB, along that diameter. 
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In the common mechanism this simple, symmetrical movement is 
modified by the eflfect of the angular swing of the connecting-rod. 
In many approximate discussions, the ideal hannonic motion is 
used instead of the actual, because it is simpler, and because it 
represents the average working of the engine in both strokes. 

Throughout the following discussions, these symbols will have 
invariable meanings: 

fi= radius of crank, or length of crank-arm. 

S=length of stroke, twice R, 

/>= length of connecting-rod. 

a = crank-angle, measured from the left-side dead-center line 
OA, in the direction of rotation. 

^=rod-angle, between connecting-rod and stroke-line; see 

Fig. 110. 
iV=R.P.M. of shaft. 

<?=angular velocity of crank. 

» =piston-travel or displacement, AD, from beginning of 
stroke. 

Vo= linear, tangential velocity of crank-pin, taken to be con- 
stant in any particular case. . 

t;= velocity of piston (or slide). 

0^= acceleration of crank-pin center. 

a = acceleration of slide. 

The piston-displacement is given by the diagram in Fig. 107: 
it is measured from A, and its value is 

AD=AO-DO, or «=i2(l-cosa). . . . (202) 

For the return stroke, from B to A, made while the crank is 
passing through the lower half of the circle, we can get the same 
relations by estimating a from OB and 8 from B; but in many cases 
it is better to carry a all the way from 0® to 360®, keeping the 
same initial point for 8. 

Now it is self-evident that if we resolve either the velocity or 
the acceleration of C into vertical and horizontal components, the 
first will belong to the motion of the block W in the slot, the seo- 
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ond to the motion of the whole slide. Then in Fig. 108, v^ being laid 
off from C perpendicular to OC, its horizontal component is 

vv^sma (203) 

We know that when a point travels in a circular path with the 
velocity «„ its acceleration, radially inward, is a,=V/fi> where t> 










Fio. 109. — Acceleration. 

is in feet per second and R in feet, if a^ is to be in feet per sec- 
ond per second, the same terms as g, the acceleration of gravity. 
Laying oflf this a^ as shown in Fig. 109 and resolving, we get 

a— do cos a =^ cos a (204) 

(c) Analytical DERn'ATioN. — ^The same results can be ob- 
tained by an analytical method which will be especially useful 
when we come to the actual engine-mechanism. In a very short 
time dt the piston will travel the distance ds; and, under the 
action of acceleration, the velocity will change by the amount dv; 
then from the primary definitions of velocity and acceleration, 

^-ft' (206) 

dv (P8 ,,^^, 

'^=^=5? (206) 

Also, for the relation between the linear motion of a point 
at the end of radius B and the angular motion of this radius, we 
have 

v^'^Rda; 
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both sides of the equation giving the distance traversed by the 
point C in the time dt; so that 



di ^"R' 



(207) 



Now starting with Eq. (202), » =72(1— cos a), we get by suc- 
cessive differentiation, 



ds ^ . da 
v=-^ =/c sin a-i- =i;q sin a, . 



and 



(Ps 



da v^^ 



a=T-sr=Vo cos a-r- =-^ cos a 



dt' 



dt R 



(208) 
(209) 



(d) Piston Movement. — ^The actual engine-mechanism, some- 
times called the slider-crank mechanism, is reduced to skeleton- 
outline in Fig. 110. Crank-travel is estimated from OA, all the 
way round the circle, the latter being divided into quadrants as 
indicated, and the piston-movement divided into forward and 
return strokes. When the crank is at A and the piston near the 
plain cyjinder-head, the engine is said to be on its head-end dead- 
center; the other end, OB, is called the crank end. The whole 
piston-slide is represented by the plain block at W. 




Fig. 110. — ^The Slider-crank Mechanism. 



The limits of the piston-stroke are determined by making 
AM=BN=L. The piston-travel, as shown in Fig. Ill, is not 
AD, but MW, found by striking off CW from C as a center. A 
construction which will give this travel 8 for any crank-position, 
without the trouble of thus striking oflf the rod-length each time, 
is made by drawing the arcs A' A, B'B, tangent to the crank- 
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-circle, from M and N as respective centers. Then for any position 
of C, it is only necessary to draw A'CB' parallel to AB, and C 
will be located on this line just as W is on MN; for since the equal 
lines MA', WC, and NB' are included between parallels, they must 
be parallel; whence A'C=MW. 




M w 



FiQ. 111.— Piston-travel 

The analogous construction in Fig. 107 is made by drawing the 
straight-line tangents A'A, B'B: and it appears that the effect of 
the connecting-rod is to introduce a curvature into these limit- 
lines. Since the straight lines in Fig. 107 may be thought of 
as arcs of infinite radius, the motion there represented is often 
spoken of as that with infinite connecting-rod. Another view 
of the same conception is, that if the rod were of infinite length 
its angular swing would be zero, and the piston would receive har- 
monic motion without distortion. In Fig. 106, this "infinite 
rod'' is replaced by the simple slide-block W, the piece which 
forms the connection between the crank-pin and the sUde; and to 
carry out the idea still farther, we can think of the surface of the 
slot as a small part of the surface of a wrist-pin of infinite radius. 

(e) VELOcrrY and Acceleration.— The analytical method 
will be employed first, as it is shorter and gives results in a very 
useful form. From Fig. 1 1 1 we get for the travel s the expression 



«-MW=MO-WO 

=(L-|-ft)-(L cos p-\-R cos a) 
-fi(l-co8a)-|-L(l-cos/?); 



.... (210) 

where the second term, L(l — cos/?), shows the departure from 
the harmonic motion represented by (202), or the effect of the 
<;onnecting-rod. This is evidently the distance, on the line A'B', 
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between the curved limit-lines AA', BB' of Fig. Ill and the 
respective corresponding straight lines of Fig. 107. 

To eliminate the rod-angle ^, we note that, in Fig. HI, 



whence 



CD =R sin a =L sin ^; 



Bin p=j- sm a, 



cos 



^=>/l-sin»^ = /l-^siVaV. 



and from this 



If this is developed by the Binomial Formula, the first two terms 
are 

cos^ = l-~sin»rtH- ***;... (211) 

and the succeeding terms, involving high powers of fractions, may 
be dropped without overpassing the limits of desired accuracy. 
Then Eq. (210) becomes 

(1 R \ 

1— cos oi+oj- sin'aj; 

«t;o(8ina+^^sin2a) (212) 

dv / R ^ \da 

a^j=v,^cosa+j^cos2a)^ 

=^(co8a+Jcos2a) (213) 

It is possible to work out a strictly exact formula for a, in terms 
of a, avoiding the approximation of (211); but it is quite complex, 
and the gain in accuracy is practically inappreciable. 

Before discussing the variation of v and of a, and comparing 
the motions with finite and with infinite connecting-rod, we will 
develop the graphical methods for determining these same motion- 
quantities. 



Likewise 
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(/) VEix)cnT BY Graphical Relations. — It is a fundamental 
principle of kinematics, that if a body has motion in a plane, and 
if the. direction of movement of two points of the body can be 
determined, then the intersection of lines perpendicular to these 
motion-directions determines the instantaneous center of rotation 
— ^a point about which, at the inatavt, the body is rotating as about 
A fixed pivot. In Fig. 112, CP and WP are drawn perpendicular 
to the paths (or to the velocity-directions) of C and W, and P is 
the instantaneous center. 




Fio. 112. — ^The Instantaneous Center of Rotation. 

If now the connecting-rod can be thought of as turning, for the 
instant, about P, the conclusion follows that the velocity of any 
point on the rod is perpendicular to a radius from P to this point, 
and is proportional to the length of this radius. The fact that P 
changes its position from instant to instant, or from position to 
position of the mechanism, travelling along a curved path or locus, 
does not at all invalidate the statement just made as to the velocity- 
relations at a particular instant. 

For the point W only the second of these two relations need be 
used, as the direction of v was part of the data: and we have 

v:t;o::PW:PC (214) 

For any other point as E, we first draw a direction-line for Ve, 
and then find its value by 

t?E:t?o::PE:PC (216) 
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A practical disadvantage of this method is that it involves a 
lot of troublesome graphical work, in the drawing of long lines to 
get P, and in satisfying the proportion (214) or (215). A much 
more convenient construction suggests itself when we note that 
the Une OB, through the shaft-center O, perpendicular to the stroke- 
line WO, and meeting the rod-Une WC at B, makes a triangle OBC 
similar to PWC, so that 

viVoirOBiOC (216) 

And if, further, such a scale be chosen that OC^v^, then at once 
OB=i;. 

-iB 





O 

Fig. 113. — ^Velocity Relations. 

The trigonometrical relation between OB and OC is illustrated 
in Fig. 113, which shows parts of Fig. 112 enlarged. In the tri- 
angle OBC, 

OB sin OCB ^ sin (a+^) ^v /217\ 

OC smOBC cos^ v^ ^ ^ 

(g) Velocity of any Point on the Rod. — ^To apply this 
reduced construction of OBC, as distinguished from the extended 
construction of PWC, to the problem of finding the velocity of 
any point of the connecting-rod, we return to Fig. 112, and draw 
from O the line Oe parallel to PE: then the triangles OeC, PEC, are 
similar, and 

Oe:OC=PE:PC=VE:i;o (218) 

From the general similarity of the figures PWEC, OBeC, it fol- 
lows that e divides CB in the same ratio that E divides CW : and 
in order to find the velocity of any point E on the rod, we let OC = 
V, and on the line CB locate a point e, geometrically similar in its 
position to the point E on the line CW: then Oe is the desired 
velocity; and just as OC is perpendicular to Vq, so v^ is perpendicular 
to the line Oe. 
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In Fig. 114, I. and III. are enlarged from Fig. 112; and from 
them is derived the construction given in II. and IV. for most 
conveniently finding the velocity of any point on the connecting- 
rod at any position of the mechanism. First of all, in I. and III., 
the scale of the drawing is such that OC represents the value of v^: 




Fio. 114. — ^The Velocity-image. 

and then the figure OCeB is rotated about O, through 90®, imtil it 
takes the position OCEW in II. and IV., with OC parallel to Vo, 
and therefore completely representing this velocity: then all other 
velocities — ^the particular value v and the general value v^ — are 
likewise completely determined, as indicated. 

A more concise proof for this construction may be got directly 
from Fig. 112, reproduced in Fig. 115, as follows: 

In I., lay off from P, 
along PC, the length PC 
representing Vq to scale: 
then the line C'W, par- 
allel to WC, will satisfy, 
for the velocities, the 
condition of proportion- 
ality to instantaneous ra- 
dius; and the length of v 
and of Ve will be given 
by PW and PE'. Now 
C'W may be thought of 
as a reduced image of 
the rod: it is similar to 
CW, and could be formed by the device of finding the velocities 
of an indefinite number of points of the rod, laying off these 




Fig. 116. — Proof of the Image. 
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velocities from P as a center or pole, and drawing a locus of their 
outer ends. Finally, to show the velocities in direction as well 
as intensity, the figure PW'C is rotated through 90^ (here back- 
ward, against the direction of crank-rotation) into the position 
owe in II. : and the conditions that the velocity shall be deter- 
mined by the length and direction of the instantaneous radius are 
met in the most convenient manner. 

The ability to iSnd the velocity of any point on the connecting- 
rod is not of much practical importance in the study of the working 
of the engine: and this image-construction is given, not so much 
for the sake of its own utility as because it prepares the way for 
an analogous method of finding the acceleration of any point on the 
rod. 

(A) Influence op the Connecting-rod. — In Figs. 112 to 
114, the two characteristic cases, for the first and second quad- 
rants respectively of the crank-motion, are shown. In quadrant 
I., OB/OC is greater than sin a, in quadrant II: it is less: for 
infinite rod, CB would be horizontal, and the two quadrants S3rm- 
metrical. It appears, therefore, that the effect of the connecting- 
rod is to make v greater in the first quadrant, and less in the second, 
than in harmonic motion. It is to be noted that the determination 
of any of these motion-relations need not be carried through 
more than these two quadrants; because for crank-positions 
symmetrical with respect to the stroke-line, as 0C| and OCj in 
Fig. 116, it is evident that all geometrical relations and construc- 
tions will be similar. 

The condensed or contracted constructions in Figs. 113 and 
114 all require that the rod-angle ^ be known. To save the 
trouble of drawing a full-size figure of the mechanism, the reduced 
diagram shown in Fig. 116 may be used. Here AGB is the real 
crank-circle; and the miniature crank-circle within it is drawn 
with the radius 

OD, -r-~i2; 

that is, in the figmre EOD, the actual radius R is taken to repre- 
sent the rod, and a smaller radius, in correct proportion, is used to 
represent the crank. The similarity of EOD to WCO is evident: 
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and the reader, instead of formulating a rule as to where to put 
D and E in every case, will do better to keep in mind the form 
of the mechanism and make EOD correspond. 




Fio. 116. — ^Rod-angle Construction. 

(t) Veloctit Analysis. — ^The relation between v and v^ can 
be found without the use of the instantaneous center; and the 
results of a discussion along this line, involving a more detailed 
study of the movement of the connecting-rod, form the founda- 
tion of a deduction of the acceleration of W from that of C. 

II. 





Fig. 117. — Velocity Components. 

In Fig. 117 I., the known crank-pin velocity v^ is resolved into 
the components Vg and u^, along and perpendicular to the center- 
line WC; and v, at W, supposed to be known, is likewise resolved 
into Vs and i^. Now the relation through which v is derived from 
Vq is that the components along WC must be the same, or that v^ 
must have the same value at both ends of the rod: this follows 
from the fact that WC is a line of invariable length. This relation 
is appUed in II.; first t?o or CE is projected upon the rod-line as 
CF; then EF is produced until it cuts off the length CG - v from a 
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horizontal line through C. This last is, in effect, the process of 
finding the velocity v when we know its direction CG, one com- 
ponent CF, and the direction of the other component, along EFG. 
The triangle CEG is evidently similar to COB, and this similarity 
leads at once to Eq. (216) : further, CEG is identical with OCW 
in Fig. 115 II. 

We must now develop the meaning of the components ic^ and v^, 
or of the total velocity u which forms the thu-d side of the triangle 
CEG, the other two sides being i^o ^^^ ^» We get this when we 
consider the movement of the connecting-rod, determined by 
the paths of C and W, as a combined translation and rotation. 
By a translation-motion of a body is meant one in which all the 
points of the body move in similar paths; which may be straight 
or curved, but whose simultaneous elements are parallel — in other 
words, a motion in which successive positions of a line on the body 
are parallel to each other. In simplest analysis, the translation- 
component would be a motion right along the center-line WC of 
the rod, and the rotation-component woiUd be about a point on 
this line. 




Fig. 118. — Center of Rotation. 



To find this point, the one whose actual, total velocity is along 
WC and identical with Vsf we can either drop a perpendicular from 
the instantaneous center P upon the line WC, at F in Fig. 118; or 
else draw the line KL through the ends of the two u's and find 
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the point F where it intersects WC. An equivalent to the first 
construction is seen in Fig. 117 II., where CF, from the pole C, 
perpendicular to the velocity image EG, locates F just as PF does 
in Fig. 118. 

If desired, the angular velocity of the rod could be found, by 
dividing the radius-length FC into u^, or FW into w,, or the whole 
rod-length WC into the total cross-velocity u, shown at EG in 
Rg. 117 n. 

(j) Derivation of Wrist-pin Velocity. — In the engine- 
mechanism, the primary mo\'ing part is the crank, and the motion 
of the connecting-rod and of the slide is derived from that of the 
crank-pin. With this emphasis laid upon C as a driving-point, 
the ultimate anal3r8is of the motion of the connecting-rod is into 
translation with C and rotation about C. Then in Fig. 119, W, 




Fio. 119.— Wrist-pin Velocity. 

like all the other points on the rod, would have, on account of 
the translation-component, the velocity Vo,' and W would have 
also, on account of the rotation of WC about C, the linear velocity 
u; and the resultant of v^ and u must then be, of course, the actual 
velocity v, along the stroke-line. 

Now we see that, in the triangle OCB, if OC is Vo> then CB is w. 
and OB is the resultant, having the relative direction marked in 
Fig. 119. 

(k) Acceleration op the Wrist-pin. — ^With the velocity- 
analysis shown in Fig. 119, it is easy to proceed to a determina- 
tion of the acceleration of W from that of C. First of all, if the rod 
had only a translation-motion with C, then every point on it, 
including W, would have the same acceleration as C. The accelera- 
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tion of the crank-pin center, a^^v^^/R, is known, and is repre- 
sented by CO in Fig. 120. 

The acceleration of W is determinate in direction, as it must 
be along WO: suppose it resolved into the components along 
and perpendicular to the rod-line WC: then if we can find the 
component along the rod, the value of the resultant will at once 
become known. On account of the translation-component of the 
rod's motion, the point W would have the acceleration CO or Oq; 




MB 



Fig. 120. — ^Wrist-pin Acceleration. 

and resolving this we get CA as the component acceleration in 
the direction CW. 

Besides this, W has an acceleration due to the rotation of 
WC about C, which, so far as its component along WC is con- 
cerned, can be treated just as though C were a fixed center of 
turning. The usual relation, centripetal acceleration = velocity 
squared -^ radius, holds in this case: the radius is WC: and if we 
let CO stand for the velocity of the crank-pin or v^, CB will be 
that of W due to the turning about C: and what we wish to find is 



CB' 






WC 






(219) 



This is done in Fig. 120, by drawing a circle on WC as a diameter, 
and another with C as a center and CB as a radius: then the com- 
mon chord EF will cut from CW the length of the desired accelera- 
tion, a'=»GC. For, in the similar right triangles WCE, ECG, 

WC:CE::CE:CG, 
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or 

In the figure, GC and CA are in the same direction, so that 
the total acceleration along the rod is GA: and the correspond- 
ing acceleration HO of W is cut from the stroke-line by the chord 
EF, as appears from the triangle HKO, the same at WLM. 

It is a matter of some importance in this connection to show 
that if CO is used to represent both % and a^ (in general, to differ- 
ent scales), the acceleration GC will be to the same scale as a^. 
If m is the scale of dimensions, so that m inches of drawing = 1 ft. 
of -B or L; and if n is the scale of the velocity-diagram, so that n 
inches of drawing = 1 ft. per sec. of velocity, then 

Again, 

,_w' CB^ jn^_m 

This deduction seems to be easier to grasp than a statement 
made simply in terms of general principles. 

(Z) The General Case. — ^The common form of the engine- 
mechanism is, as to motion, the simplest arrangement of the four 
pieces or "links" which are ^ 

its elements, but it is only a S/^^* 

particular case. The general ^ — "\vcl 

form of the mechanism is ^^^^^^^^^'"^ \^ 

shown in Fig. 121, where the V^^^^-'""^^^ — ^" 

stroke-Une WQ does not pass p,^" i2i;i7he"G^^^* 

through the shaft-center 0: 

and a few engines are built with this arrangement. Further, 
Fig. 121 is generalized in another direction by assuming that the 
crank is no longer limited to uniform speed of rotation : then the 
acceleration a^ will have a tangential component besides the cen- 
tripetal, and will be off the radius, as shown. 

The graphical methods of Figs. 117 to 120 can be applied to 
this general case quite as well as to the standard mechanism — ^in 
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which they have a decided advantage over the analytical deriva- 
tion of (e), which would be greatly complicated by the non-sym- 
metrical arrangement. But this phase of the subject is not of 
sufficient practical importance to warrant a presentation going 
beyond the mere suggestion; although no difficulty of impor- 
tance will be encountered in making a full determination of the 
motion of the point W in Fig. 121. 

For the usual mechanism, however, the acceleration of the 
slide is found with less work by the method of Eq. (213) than by 
construction: especially after a table of values of the factor 

( cos a + yT cos 2a j has been compiled — see Table IX. 

(m) Acceleration op the Connecting-rod. — ^The accelera- 
tion of any point on the rod can be found easily after we have 
located the instantaneous center of acceleration, which is analogous 
to the instantaneous center of rotation, tut differs in this, that 
whereas the velocity is always at right angles to its radius, the 
acceleration makes some other angle with its radius from the cen- 
ter of acceleration — the angle being the same for all points in any 
one position of the mechanism and of the center, but changing as 
these move. The law of proportionality to radius-length is the 
same for both cases. 

In order to get the acceleration-center, we must know the 
accelerations of two points, as a^ and a of C and W, and then find 
a point which satisfies the geometrical conditions that lines drawn 
from it to C and W will make the same angle with CO and WO 
respectively, and in length be proportional to Oq and a. The con- 
struction, developed in Fig. 122, is as follows: 

Letting CO represent Oq, measure back Ow equal to a, and join 
Cw: next produce Cw to W, making CW'=CW, draw W'A' paral- 
lel to a, and produce CO to meet it at A': then in the figure A'CW, 

A'C : Oo : : A'W : a. 

Now swing the triangle A'W'C around C, until it comes into the 
position AWC: then A'C and A'W, originally having the same 
directions as a^ and a, and being parts of a "rigid" figure, must 
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make the same angles with their respective original positions : so that 
angle ACO -angle AWO, and A is the center of acceleration. 

To find the acceleration of any point as E, we draw the radius 
AE, make angle AEF- angle ACO, and get the length of EF by 
the condition 

EF :AE-OC: AC. 

(n) The Acceleration-image. — ^The construction just given 
is a complete solution of the problem, but involves too much 
graphical work, in appUcation. The short-cut method, analogous 
to that in Fig. 114, is also developed in Fig. 122: 



Fio. 122. — ^The Center of Acceleration. 

First, swing the figure AWC back into its original position A'W'C, 
carrying with it the pomt E and its radius AE, to A'E'. Imagine 
the acceleration-lines WD and EF to go with their points to WJ 
and E', being pivoted upon the figure at these points, and turning 
on the pivots so as always to remain parallel to their original posi- 
tions: then by the time they get to W and E' the acceleration- 
angle AWO«AEF-ACO will have been eliminated, and each 
acceleration will point along its radius, CO along CA', WD' along 
W'A', E'F' along E'A'. Now, in order to get the acceleration of 
any point E on CW, we need only locate the corresponding point 
E' on CW and take a certain proportion of the radius E'A'. 
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An expedient which at once suggests itself, to get rid of the pro- 
portionality, is to carry a^ and a to c'A' and w'A', join c'w'; and 
get a reduced figure c'e'w'A', similar to CE'W'A', and giving the 
acceleration of any point E directly, in direction and intensity, as 
soon as the corresponding point e' has been located on the reduced 
image of the rod, c'w'. 

The last step is to carry this image up to CewO, eliminating all 
construction outside of the figure of the mechanism; keeping it, in 
fact, if Eq. (213) is used for getting a, within the limits of the 
crank-circle. 

§ 34. Motion of the Engine. 

(a) VELOcnY OF the Slide. — ^The movement of the slide — 
its travel or displacement — ^is fully determined by Fig. 111. To 
get a diagram which will, in the same way, give the velocity of 
piston for any crank-angle, we apply Fig. 113, as follows: 

Draw the circle AGBH with Vq, to any convenient scale, as 

radius: divide the circimiference 
into a number of equal parts, 
and make the construction of 
Fig. 116 for the corresponding 
rod-angles: from each C-point 
drop a vertical line (perpendicu- 
lar to AB) to meet the rod-line 
EO at D. Evidently, the tri- 
angle COD is similar to OCB in 
Fig. 113, so that CD is v. Hav- 
ing found a series of these D- 
points, we may draw through 
them the curve ADiOD^B; and 
the vertical distance from any C-point to this D-curve will be the 
piston-velocity for that angle. For the return stroke, or for quad- 
rants III. and IV., the end of v is on the symmetrical curve drawn 
in dotted line. 

For infinite connecting-rod, v is given by the vertical distance 
CD' to the stroke-line, which evidently satisfies the relation v — 
Vq sin a. 




Fig. 123. — Piston-velocity Diagram. 
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(6) Acceleration of the Slide. — The similar diagram 
accderation is based on Eq. (213). B>valuating the factor 

R 



for 



m- 



[co8a+^cos2a 



we have 



)■ 



a — 



m« 



0^ 



(-4) 



90° 
L 



180° 



-H) 



21QP 

_R^ 
L 



Also, for a— 45®, 135®, etc. (that is, for any mid-quadrant crank- 
position), m— ± cos a. 

Now in Fig. 124, the radius of the circle is a^: and for infinite 
rod it is evident that the horizontal distance CE', from the C-point 
to the line GH, will give a, 
according to the relation a = 
ao cos a. For the actual mech- 
anism, GH must be replaced by 
a curve analogous to the D-curve 
in Fig. 123: three points in this 
curve are got by laying off 

OEo=GE,-HE,=^AO; 

and two more by noting that the 

curve must cross GH where 

m=cosa, at the mid-quadrant 

points Ki and K,. Without any further determinations (unless 

the figure be very large), a fair curve can be drawn through these 

five points which will be the locus of the end of a, measured always 

from C toward the E-curve. 

These two curves — ^the locus of D in Fig. 123 and that of E * in 
Pig. 124 — show, by their departure from the straight Unes AB 
and GH, the effect of the connecting-rod upon the motion of the 
slide. 

(c) Motion Diagrams. — In Fig. 125 are shown diagrams of 
displacement, velocity, and acceleration of the piston, first in 




Fio. 124. — Acceleration Diagram. 



* This £-curve is a parabola, but that for D has a more complex equation. 
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the circular form of Figs. HI, 123, and 124, at I., III., and V.: 
and then laid out upon the developed crank-circle as a base — 
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which, under our primary assumption of uniform speed of rota- 
tion, is also a time base. In each case, the dotted curves are for 
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hannonic motion, and all three are simple sine-curves or sinusoids: 
while the full lines are for the actual mechanism, with the rod-ratio 
5, or L=5i?. 

As to displacement, we note that the piston travels farther 
during the first and fourth quadrants than during the second 
and third. Referring to Eig. Ill, we see that the mid-stroke 
position of W is at the distance L=niJ to the left of 0; and that 
when C is at G, or a =90*^, OW will be the base of a right triangle 
of which L is t he hy potenuse and R the other side, so that OW = 
VL'— i2^=fiVn'— 1. Then the distance of the piston from mid- 
stroke for the crank at 90® is, expressed in terms of the stroke 
rather than of the radius. 



,,=5(!iz±:^)=wj. 



(220) 



From this we get 



n = 


3 


4 


5 


6 


8 


m — 


.0858 


.0635 


.0505 


.0420 


.0314 



Compare values of s for 90° in Table VIII. 

The velocity-curve is similarly distorted: and v has its maxi- 
mum where the acceleration a is zero, or where the curve EjEqE, 
crosses the circle in Fig. 124. Using Eq. (213), and solving the 
equation 



we get 



cos a-\-j- cos 2a =0, 



cos a + y-(2 cos^a — 1) «0, 
cos'a + i^ cosa=i, 



whence 



C08a=i(\/8H-n'-n). 
From which the following results can be got: 
n= 4 5 6 



(221) 



co8a« .2248 
a = 77® V 



.1862 
79® 16' 



.1583 
80® 54' 



8 
.1213 
83® y 
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These results are not absolutely correct, since there is a small 
error in Eq. (213) : but this error is entirely insignificant. 




Fio. 126.— Velocity of the Rod. 

(d) Motion Diagrams for the Rod. — In order to determine 
fully the variant velocity of any point of the connecting-rod, we 
shoidd have to draw a series of velocity-images, Uke those in 
Fig. 114, as is done in Fig. 126. To locate a particular point E 
in all these images, we first find on some radius CO a point E', 
corresponding in position to the chosen point on the actual rod CW. 
Then the circle from with OE' as radius will divide all the radii 
in this proportion: and by drawing a horizontal Une from each E' 
over to the image for that same angle, the E's will be located. 
A curve through these E-points will be a polar diagram of velocity, 
the latter being shown by the radius-vector from to any point on 
the curve, in direction from O to E. 

The diagram of varying acceleration is drawn in a similar 
manner in Fig. 127, which is an application of the image-construe- 
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tion in Fig. 122. The W-points are found by measuring oflf lengths 
calculated by Eq. (213), and images are drawn. The same device 
is used for locating the desired point on all the images, and the 
resulting polar diagram is exactly analogous to that for velocities. 
Of course, there would be a difFerent pair of these diagrams for 




FiQ. 127. — ^Acceleration of the Rod. 

each particular point of the rod. These figures are drawn with 
n or L/R equal to 5. 

(e) The kinematic analysis in these two sections covers the 
ground completely, and goes rather beyond ordinary requirements: 
some parts of it are of constant practical appUcation, others are 
chiefly of academic interest, as leading to a full understanding of 
the subject. The very important appUcation in the matter of 
determining accelerating-force and inertia will now be exhibited. 
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§ 35. The Working-forces in the Engine. 

(a) Inertia-force of the Reciprocating Parts. — ^Knowing 
the acceleration a and the weight W of the sliding parts — which 
are supposed to include a portion of the connecting-rod — ^we have 
only to multiply the mass M (equal toW-i-g) by a in order to get 
the force F^Ma required to accelerate this mass, or its inertia- 
force. Then for the mechanisms discussed we have, 

For infinite rod, 

W V ' 

F ^cosa; (222a) 

g li 



For actual rod, 

W = 2_/ nf\a ^ _| 



9 R\ 



cos a +Y cos 2a) (2226) 



In either case, — "^ is the centrifugal force which the recipro- 
g It 

eating mass would have if it were concentrated aroimd the crank- 
pin center C: this ideal centrifugal force will be called Fq, and the 
actual inertia-force is then a component of F^, given by 

F=FoCOsa, (223) 

or by 

F ^fJ cos a +J- cos 2a j (224) 

The value of F can be found, for any crank-angle, by a diagram 
like Fig. 124, but with F^ instead of o^, as the radius. As to direc- 
tion of force, it must be remembered that accelerating force will 
point toward the center or toward the limit-line GH or EjE^^Ej; 
while inertia-force will point outward, or away from the middle 
of the diagram. This is illustrated in Fig. 128, where the two cases 
as to form of mechanism are separated, the two diagrams embody- 
ing Eqs. (223) and (224) respectively. 

These diagrams are not, however, in a shape suitable for the 
direct combination of inertia-force with steam-pressure, ^ince the 
latter, given by the steam diagram, is laid out on a stroke-line base. 
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The derivation of an inertia diagram in these terms is shown in 
Fig. 129, where, in I., the diagram from Fig. 128 II. is surroimded 
by another diagram, for piston-position, like Fig. Ill or Fig. 125 I. 
From this we get the two co-ordinates for the curve in II., the 
abscissa «=MS at FC; the ordmate F = ST at CE. For the 
actual mechanism this gives the curve PQR, for infinite rod, the 
straight line JKL. It must be clearly understood that this is a 
G E. 




H ^T^H 

Fio. 128. — Circular Diagrams of Inertlarforoe. 

diagram for both strokes, as is indicated by the numbered positions 
on both figures. The meaning of plus and minus (up and down) 
ordinates in II. is shown by the arrows. 

That JL must be a straight line is evident when we consider 
that, with infinite rod, the distance SK from mid-stroke and the 
inertia-force F are both proportional to cos a. With the curve, 
the areas PMQ, QNR — the first representing work stored in the 
moving parts from zero velocity to maximum, the second that 
given back during retardation — ^must be equal. Note that the 
dead-center acceleration is always greater than Oq at the head end 
and less at the crank end, the ends being taken according to the 
conventional arrangement in Fig. 110. 

This diagram can also be plotted, very conveniently, with 
ordinates computed by means of Tables VIII and IX. 

(h) Calculation op iNERTLi-FORCE. — For combination with 
steam-pressure diagrams, the curve of Fig. 129 II. must show 
force per square inch of piston instead of total inertia-force; the 
equation for its ordinate is then 






4-( 



COS a +j- cos 2a j 



(225) 
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As a preliminary to the graphical construction of Fig. 129, the 
value of Fq or of FJA must be known for the particular engine. 
Starting with 

and substituting, from (207), ^=-^, we get 

a^'-e^R; (226) 

where i? is in feet and in radians per second. If iV«R.P.M., 
then the angular velocity will be 

^=2;r^ = .10472iNr (227) 

If we wish to use the stroke S in inches instead of the crank-arm 
R in feet, we substitute S/24 for R in (226) and get 

ao-^^j-C,S (228) 

Now, for the ideal centrifugal force F^ we have 

Values of the constants <?, <?V24=Ci and d^/24g=C2, are given 
in Table VII., for different values of N, To get centripetal accel- 
eration,' multiply the stroke in inches by the proper value of Cj : 
to get the centrifugal force of any weight W, multiply it by its 
rotation-diameter S in inches and by C,. 

Note that 

^=^ (230) 

is the ratio of the centripetal acceleration to the acceleration of 
gravity: and since forces are proportional to their acceleration- 
effects, this must be the ratio of Fo to W: then we have only to 
multiply Cj by S in order to see how the centrifugal force of a 
given mass will compare with its weight. 

If we substitute in (229) W/A instead of TT, we get F^A 
directly. In practice W/A varies from 1.5 to 4 lbs. in engines 
intended to run at any considerable speed. 
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Example 1. — An engine 14" diam. by 15" stroke, 250 R.P.M., 
has a connecting-rod 42" long, and its reciprocating parts weigh 325 lbs. 
Find angular velocity of crank, linear velocity of crank-pin, centripetal 




Fig. 129.— The Stroke-line Diagram. 

acceleration of crank-pin, F^ and F^/A; also the value of F/A at the 
dead-centers and at 50° and 125° of crank-angle. 
Angular velocity of crank : 

^-.10472X250-26.180. (See Table VII., col. 2.) 

Linear velocity of crank-pin: 

S N 3.1416X15X250 



^^""^ 1260" 
or, from v^-^OR, 



12X60 "16.36 ft. per sec.; 



t?o -26.18X^-16.36. 

Centripetal acceleration of crank-pin: from Table VII., for 250 
R.P.M.,Ci- 28.56; then 

Co -Ci5- 28.56X15 -428.4 ft. per sec' 
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Cj^ -^-15 X. 888 -13.32; 



Centrifugal inertia: again from Table VII; C2».8880; then 

W 
so that 

Fo -325X13.32 -4440 lbs. 

From Table VI., A -153.9 sq. in.: and 

^«-4440-M 53.9 -28.85 lbs. persq. in. 
Here, 

7? 7 *i 1 

f- - -fp; - T^ * then at head-end dead-center, 
L 42 5.6 

J - 28.85 + ^|y - 28.85 + 5.15 - 34.00 lbs. ; 

and at the crank-end dead-cente- 

J -28.85- 5.15 -23.70 lbs. 

Now we cannot take values of m directly from Table IX. for L/R^ 5.6: 
but using cols. 2 and 3 of the table we easily get, 

1707 
For 50°, W-.6428 -^y|- -.6428 - .0310 -.6118; 

For 125**, m — .5736 - ^y|^ - - .5736 ^ .061 1 - - .6347. 

And the required values of F/A are 17.65 lbs. at 50° and - 18.30 lbs. 

at 125°. 

» 

(c) Effective Driving-force. — In Fig. 130 a pair of indi- 
cator diagrams, from the two ends of the cylinder, is shown at I. : 
and by means of motion-arrows the fact is made clear that the 
forward-pressure line, or steam-line of one end, as AB, is simul- 
taneous with the back-pressure line, or exhaust-line of the other 
end, as GH. So that a subtraction of Pb from Pp for the whole of 
each stroke, giving P^ — ^refer to Fig. 101 — is made by the com- 
bination in II.; where MGHN (crank end) is superimposed on 
MABN (head-end); and where the effective steam-pressure Pg 
is given by the ordinate intercepted betw^een the ciu^es AB and 
GH. Note that whereas the indicator cards in I. are for the two 
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ends of the cylinder, the two diagrams in II. are for the respect- 
ive strokes (compare § 20 (6), Ch. IV.): and further that, with 
high compression, the back-pressure will rise above the forward- 
pressure toward the end of each stroke, so that the mechanism 
will have to drag the piston to dead-center instead of being driven 
by it. In § 32 (6), the pressures P^ and Pb were defined as abso- 




Fio. 130. — Effective Driving-force. 

lute pressures, above perfect vacuum; as shown in Fig. 130, on 
diagrams from a non-condensing engine, they are measured above 
atmosphere: but since their difference is the result sought, either 
datum-line can be used. 

The diagrams in Fig. 130 II., where the variable ordinate p^ is 
included between cmr^es, are brought to a more convenient form 
in III., by measuring the ordinate up (and down) from MN, and 
getting the 7>B-diagrams MABCN, NEFGM, on straight base-lines. 
The inertia-force diagram can be combined directly with these by 
laying it off on the same base-line — being inverted for the return 
stroke because the direction of positive or forward-acting steam- 
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pressure is there reversed. This shows clearly how the inertia- 
force diminishes the effective pressure during the first part of each 
stroke and increases it toward the end — an action which, with 
the usual form of indicator diagram, greatly favors a uniform 
distribution of driving-force and of transmitted work throughout 
the stroke: in this particular case, the negative pressure toward 
the end of the stroke, without inertia, is almost entirely elim- 
inated when the latter is taken into account. 



Head. N. 


-100 


^ 

/^RANK. 


p \ 


V 


H 

/ 


Vr^ 


-20 


V 


^a ^^^-^--^ 


. 


-^ X 







M N 

Fig. 131. — Indicator Diagrams from Fig. 37. 

To illustrate another method of combination and to serve as 
the basis of some interesting determinations, the pair of diagrams 
given in Fig. 37 are here brought to a common base-line, with 
the irregularities due to the indicator smoothed out, and reversed 
into the standard position. Then ordinates taken between curves 
in Fig. 131 are laid off from the straight-line base MN in Fig. 132 — 
forces acting toward the right being measured upward and those 
toward the left downward. Since now there is only one direction- 
meaning of the ordinates, a single inertia-curve serves for both 
strokes: to get effeqtive driving-force at wrist-pin, measure from 
PQR to ABC for the forward stroke and to DEF for the return 
stroke. 

Referring to Fig. 37, we see that the gage-pressure was 105 Ibe. 
when these cards were taken; the highest pressure shown by the 
diagram is 102 lbs. in the head-end and 103 lbs. in the crank-end. 
The maximum effective steam-pressure has about these same 
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values; but with an inertia-curve for FJA^Z^ lbs. and L/R=6, 
the greatest value of the effective driving-pressure is 74 lbs. per 
square inch on the forward stroke and 77 lbs. on the return stroke. 

By measuring areas, and taking the area of the whole figure 
ABCDEF as unity — ^this area representing the work done by the 




Fio. 132.— The Two-stroke Diagram. 

engine in one revolution — ^the distribution of work among the four 
half-strokes was found to be as follows: 



I. II. 

A .428 .065(-.043) 
B .334 .159(-.013) 



HI. IV. 

.438 .069(-.041) 
.344 .163(-.010) 



Case A is for the efifective steam-pressure alone, the figure being 
, quartered by the base-Une MN and the middle line ST: while in B 
the inertia-effect is taken into account, the division-Unes being 
PQR and ST; and the tendency of the inertia-action to equaUze 
the distribution of work is strongly apparent. The minus quantities 
in parentheses after II. and IV. are the values of the negative work- 
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areas at the ends of the strokes, KNC and HMF for A, LRC and 
JPF for B. 

(d) Turning-force Relations. — Two methods of reasoning 
may be followed in finding, for a known driving-force at the wrist- 
pin, the turning-effect upon the crank: both are imder the assump- 
tion that the connecting-rod is a weightless transmitting-link, its 
inertia having been taken into account according to § 32 (c). The 
first is illustrated in Fig. 133, where the force S transmitted along 




Fig. 133. — ^Turning-moment on the Crank. 

the rod is the resultant of the dri\dng-force P and the guide-reac- 
tion Q. The perpendicular OE from O upon the rod-line is the 
lever-arm of this force, and its moment is 

M=SX0E. 

Drawing also the vertical line OB, we have that the triangles OEB, 
WFH, are similar: wherefore 



or 



P:S::OE:OB, 
PxOB=SxOE=ilf: 



(231) 



and the turning efifect is just as though the force P acted upon the 
crank with the lever-arm OB. 

In the mechanism of Fig. 106, or with " infinite connecting-rod," 
the force P would be appUed horizontally, or parallel to the stroke- 
line, at C, and its lever-arm would be CD or -B sin a : the increase 
of arm-length from CD to OB measures the effect of the connecting- 
rod. In the second quadrant, OB will be less than CD. 

Replacing the moment M in (231) by that of a tangential 
force T at C, with the arm R, we have 

M=:PxOB=rx/?, 
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or 



R cos/? 



(232) 



the geometrical relation being the same as that for the velocities 
in Fig. 113, and (232) derived like (217). The equation 

V T 

vrp ^23^) 

is a fundamental relation: for if there are no internal (frictional) 
losses in the machine, the work-rate at the wrist-pin must be the 
same as that at the crank-pin: work-rate is, working-force X 
velocity of force (along force-line), so we see that the equation 

vP^vJ (234) 

must be true. 

The second derivation of T is through force-anal3rsis strictly, 
and is shown in Fig. 134. Here the rod-force S is carried over to 



w 






Fio. 134.— Tangential Force on Crank. 

C and there resolved, as suggested in Fig. 101. From tiian^^e 
WFH or CED, 

S — ^: 
cos^ 

and in triangle CGD, right-angled at G, and with angle CDGa 
angle OCD=(a+/?), 

r=.S!sin(a-h/?)=P?ilL^ (236) 

If we apply to this expression the effect of making the rod infi- 
nite — which makes /? zero — we get at once the simple relation 
indicated by the lever-arm CD or ft sin a in Fig. 133, namely, 

r«Psina; (236) 
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which is, of course, the same as the velocity-relation for this mech- 
anism, in Eq. (203). 

(e) Turning-force Analysis.— Analyzing this force-action 
still further, along the lines suggested in Fig. 104, we have in Fig. 
135 the two components of S, the forces P and 0, transferred 







Fio. 135. — ^Tuming-force Analysis. 

directly over to the crank-pin. The moment of P is then the 
same as with infinite rod, 

M^^PXR sin a; 
while that of Q, which itself has the value P tan ^, is 
M^=^QXR COS a 

=pxr\ 

Then the total moment is 

cos a sin^^ 
cos^ 



.sin B 

) ^ cos a. 

COS/J 



(237) 



t ■ 



sin a + - 



'-)■■ 



(238) 



which easily reduces to (235). This deduction makes clear the 
fact that the efifect of the angularity of the rod upon the turning 
action is embodied in this Q-component of the force transmitted 
to the crank-pin. Note that Q acts with P in the first quadrant, 
against it in the second. 

As to the turning moment of the two Q*s upon the bed, one 
at W, the other at O, the relations are as follows: 
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The measure of this couple is 
ilf-QxWO, 

«pEEi(L cos ^+iZ cos a) 

cos p^ ^ 

And if we substitute 22 sin a for L sin /} and combine terms, we 
come at once to 

COS p ' 

proving that this moment is equivalent to the turning-moment 
on the crank. 

(/) Determinino Tangential Force. — ^Having drawn the dia- 
grams of eflfective driving-force, like Fig. 130 III. or Fig. 132, 
and located on them a series of ordinates corresponding to a num- 
ber of equally-spaced crank-angles, the next step is to find the 
turning-force T for each of these P's. One method, shown in 
Fig. 137, is a direct application of the relation expressed in (232), 
which is equivalent to 

r : P : : OB : OC (240) 

on Fig. 134: and the construction is similar to that for v in Fig. 123. 
The crank-circle on AB is of any convenient size, but with its 
radius greater than the largest value of P on the diagram of effec- 
tive driving-force. Each length of P is measured inward along 
the corresponding crank-line, as CD; and the length CE, cut from 
the vertical by DE parallel to the rod-line, is T. The triangle 
CDE is similar to OCB in Figs. 133 and 134; and the construction 
of Fig. 116 is used for finding the rod-angle. A separate triangle 
must be drawn for each crank-position. The T's, when foimd, 
are laid oflf radially outward from the circle, and a curve is traced 
through their ends. 

A second method uses the computed values of the ratio of T to 

P, or of m - — ^^ — 7.— , given in Table X., working through a reduc- 
cos jj 

tion diagram like those in Fig. 42 III. The base-line AB, Fig. 136, 
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is taken of any convenient length, and along the perpendiculars 
AC and BD are measiu-ed values of m X AB. Note that m rises from 
zero to a Uttle more than 1.00, then comes back to zero at the 
other dead-center. To avoid overlapping of the ascending and 
descending series of lines, values belonging to quadrants I. and 
IV. are laid up on AC, those for quadrants II. and III. on BD. 
Then the inclmed lines are drawn: and for any particular crank- 
angle, as 20®, we have only to measure off from B, as BG, the 
length of P taken from its diagram, in order to get the correspond- 
ing T in GF. 

C D 




Fig. 136. — ^Tranflformation Diagram. 

(g) Diagrams op Turning-force. — Values of T having been 
determined, they can be laid out either from the crank-circle, as 
in Fig. 137, or from a straight-line base, as in Fig. 138. This latter 
base-line is the developed crank-ckcle: that is, the upper and 
lower halves of the circular diagram are straightened out and 
brought together. The circular diagram is clearer for illustrat- 
ing the continuous variation in turning-force, while the other is 
better for quantitative determinations. 

Assuming that the load on the engine is a uniform torque, 
and either that there are no frictional losses or that their effect is 
included in the load, we get the value of the equivalent resistance 
at the crank-circle by finding the mean tangential force through 
(201). Measuring off this Tta at AK, we draw the resistance- 
circle KL on Fig. 137: and by comparing the curve of actual 
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turning-force, AQRBST, with this circle of unifonn resistance, 
we get an idea of the duty which the fly-wheel has to perform. 
Only at four points, Q, R, S, and T, is the driving-force just equal 
to the resistance: during two periods or phases, marked I. and- 
III., the work done upon the shaft is less than that taken from it, 
and the deficiency is made up by energy taken from the wheel, 
which of course slows down; but during phases II. and IV. the 
wheel has to store up excess-work, and regains kinetic energy. 




Fig. 137. — ^Turning-force Diagram. 

Knowing the largest amount of work to be taken care of by the 
wheel, as shown by the diagram, and the greatest permissible varia- 
tion of speed within the revolution, we can compute the weight 
of wheel-rim required under any conditions. 

(h) Fly-wheel Data. — ^Both forms of the turning-force diagram. 
Figs. 137 and 138, show force plotted on a distance base: but only 
in the straight-base diagram, where the ordinates are parallel, is 
work truly represented by area. Working then on Fig. 138, we 
can get the data for fly-wheel determination in several forms. 

Measuring the area of each phase and dividing area in square 
inches by base in inches, we get the mean height and reduce it to 
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the pressure-scale: note that the bases of the broken phases I. 
and III. in Fig. 138 are KQ-f KT, RL+SU. Besides this, the 




Fio. 138. — ^Diagram on Developed Circle 

four phase-lengths are to be expressed in degrees, so as to measure 
the angles TOQ, QOR, ROS, SOT in Fig. 137. Let 
7'=this phase-angle, in degrees; 
Z=length of phase, on crank-circle, in feet; 
(^average unbalanced force acting during phase, in pounds 
per square inch of piston, so that At is the total force 
for engine; 
.B«= work-value of the phase, in foot-pounds. 
The circumference of the crank-circle is 



then 



'-m'"''' 



r-— ft • 

and E=tAlhAh3. . . . (241) 



Again, in Fig. 138, the whole area of the diagram AGBH, or the 
equivalent rectangle KIJ/K', represents the work of the engine in 
one revolution, which we may call W^: and if we find the ratio k 
which each phase-area bears to the total area, we can get E through 
the relation 



E^kWn. 



(242) 
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If we know the average M.E.P. p^, we get TTr by 

Wu-^2^Ap^ (243) 

Or, having the I.H.P. H and the R.P.M. N, 

W..^^ (2«, 

Finally, knowing the dimensions of the engine and the soales 
used in laying out Fig. 138, we may calculate a work-scale of 
foot-poimds per square inch, as follows: 

Suppose that Fig. 138 is drawn for a 14"xl5" engine, and 
that in the figure the circumference-scale is 1"=20°, while that 
for pressures is 1"=24 lbs. per sq. in. Then the circumference 
of the 15" crank-circle is 3.927 ft., and the distance-value of 1" 
along the base of the diagram, 

20 
^X3.927=.2182ft. 

The piston-area being 153.9 sq. ins., the total force-value of 1" of 
ordinate is 24x153.9=3694 lbs.: so that 1 sq. in. represents 

.2182X3694=806.0 ft. lbs (246) 

A table of data from Fig. 138, applying it to an engine 14" by 
15" at 250 R.P.M. instead of the engine from which the diagrams 
combined in Fig. 131 were actually taken, is shown below. With 
the degree-scale 1"=20®, the length of the diagram must be 9": 
the measured area of the whole figure AGBH was 23.17 sq. ins.: 
so that the mean turning-force or M.T.F. is 

2*^ 17 
T^ =£11^X24 =30.9 lbs. 

Applying (201) backward, the M.E.P. corresponding would be 
Po,=30.9 -^.6366=48.5 lbs., 
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as against an average value of 48.03 in Table 20B: the discrepancy 
is due to inaccuracy in measurement of the small indicator dia- 
grams. 

Table 35 A. Results from Fig. 138. 



PhaMNo. 


Area, 

sq. ins. 

a 


Angle, 
degrees. 

r 


Length, 

feet. 

I 


Mean 
Force. 

t 


Phase- 

ratio. 

k 


WorjL- 

value. 

E 


I. 
II. 

ill. 

IV. 


-3.34 
+ 3.92 
-4.23 
+ 3.67 


70.6 

95.0 

91.0 

103.4 


.770 
1.036 

.993 
1.129 


-23.4 
+ 19.4 
-22.3 
+ 17.0 


.1442 
.1715 
.1824 
.1584 


-2690 
+ 3160 
-3410 
+2960 



In Table 35 A, the phase-areas a were measured with the pla- 
nimeter, as was that of the whole figure: given as measured, they 
check by adding up very nearly to zero. Dividing each by its base 
in inches, and multiplying by the foroenscale 24, gives the mean 
force t. The phase-angles 7- were measured with a scale of 20 to 
the inch and made to add up to 360°: and the corresponding 
lengths I on the crank-circle were got by multiplying y by the value 
of 1° in feet, which is 3.927-^360 = .01091 ft. The phase-area a 
divided by the total area 23.17 sq. ins. gives the ratio k. Finally, 
E is got from a through the work-scale of (245). 

The work per revolution, W^, as found from the total area 
23.17 sq. ins., is 



By (243) it is 



TFr=23.17x806 = 18,650 F.P. 



TrR=gxl53.9x48.5 = 18,650 F.P. 



The supply of data in this table is redundant, more being given 
than is necessary for the solution of any particular problem. It 
will be noted that a, 7-, /, and k depend only upon the form of the 
diagram; while I and E involve also the dimensions of the engine. 

On Fig. 138 there was made a determination of the division of 
work among the four quadrants, analogous to that on Fig. 132, by 
measuring the quarters divided by AB and GH, the latter being 
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the 90**-lme. The result, using the numerals for the four quarters, 
was 

I. 0.357; II. 0.136; III. 0.322; IV. 0.185. 

This same proportion would result from the use of the 90°-line 
instead of ST in Fig. 132: and we show here, in a different way, 
how the effect of the swing of the connecting-rod is to transfer 
work from the 2d and 3d to the 1st and 4th quadrants respectively. 



§ 36. Fly-wheel Action. 

(a) Weight of Wheel.— The variation-work E, just deter- 
mined, is to be taken up or given oflf by the wheel within a certain 
prescribed limit of speed-change. This limit is generally defined 
by stating that the range from the greatest velocity V^ to the 
least velocity V, of the wheel-rim is not to exceed a certain fraction 
/ of the average velocity V. The change in kinetic energy of a 
mass whose weight is TT, in a variation of speed from V^ to 7, 
(or the reverse), is 

W{V *-V,') ^W (V,+V,) 

"yXFX/7«/^ (246) 

This E is identical with that m (241) and (242) : so that the method 
of solving the fly-wheel problem consists in getting from the diagram 
an expression for, or value of, the work to be taken care of by the 
wheel, and equating this to the expression for change in kinetic 
energy. 

The fraction / of permitted fluctuation varies with the character 
of the work done by the engine: a good degree of uniformity, 
suitable for ordinary high-grade work such as driving electric 
generators and textile mills, is secured by making /-about .01. 
In slow-running engines on rough work, the fluctuation often 
greatly exceeds this value, rising to 5 or 10 per cent, or more; 
while in the work requiring the greatest delicacy of regulation — 
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the driving of alternating-current generators in parallel — ^the fly- 
wheel must be very powerful. 

It must be clearly understood that the r^ulation of the speed 
within the revolution, by the fly-wheel, is a different matter from 
the regulation of the average speed by the governor, through a 
continuous accommodation of the power of the machine to its load. 

Example 1. — Find the weight of fly-wheel at an effective radius 
of 36" which will regulate the 14X15—250 engine of Fig. 138 within 
1 per cent. 

Circumference of wheel -6X3.1416 -18.85 ft. 

250 
Velocity of rim-18.85XgQ -78.54 ft. per sec. 

From Table 35 A, the greatest value of E is 3410 F.P.; then for W 

we get by (246) 

0410 
^-i9i:8xTl-1725lbe. 

If this all goes into the rim, and we make the latter 12" wide, then 
with cast-iron at 450 lbs. per cu. ft., the rim would be about 2.5" thick. 

Example 2.— An engine 24"X48", at 80 R.P.M., has a wheel 18 ft. 
in diameter and weighing 12,500 lbs. How close will be the regulation 
if the M.E.P. is 40.2 lbs. and the phase-ratio A; is 0.16? 

The work per revolution is 

TFe - 2 X 4 X 452.4 X 40.2 - 145,490 F.P. 
The work to be absorbed by the wheel is then 
E - 145,490 X 0.16 - 23,280 F.P. 
The velocity of the rim is 



Then 



and 



80 
7-56.55X^^-75.40 ft. per sec 

^ '^685 ,^, ^ 
g 32.1 J 

23,280 
'"l2,500X 176.8 "•^^"^- 
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(6) Effective Radius of Wheel. — A mass-particle m, at the 
end of a radius r which makes n turns per second, has the kinetic 
energy 

e.!^=27rWV (247) 

The total kinetic energy of the fly-wheel, the summation of the €*s 
of all the particles, will then be equal to the product of a constant by 

Jmr^: which integral is the polar moment of inertia of the mass of 

the wheel about its rotation-axis. As always in such a case, an 
equivalent effect would be got by imagining the whole mass of the 
wheel to be concentrated in a ring at the end of the radius of 
gyration: so that this radius of gjo-ation is the effective radius of 
the wheel, for which the velocity V in (246) is to be calculated. 

Usually, the rim of the wheel contains by far the greater part 
of its mass; and the parts near the shaft, at short radius, have very 
little value as energy vehicles: so that no great error is caused, 
especially with wheels of the belt-pulley shape, by taking only the 
rim of the wheel into account, and using that as if concentrated at 
its outer circumference. 

When, however, great accuracy is required, the polar moments 
of rim, arms, hub, and crank-disks can be approximately computed 
and an equivalent mass at the outer radius found. And when there 
are other rotating bodies attached to the shaft, as for instance the 
armature of a generator, these also must be reduced to the wheel- 
rim. The relation through which this reduction is made is that 
the energy-value of any mass varies as the square of its radius 
from the axis, or that the mass for any energy-value is inversely 
as the square of the radius. 

(c) Multiple-crank Arrangements. — Besides using a fly- 
wheel to restrain the fluctuations in speed due to irregularity in 
turning-force, there is another method of securing uniformity of 
running: this consists in the use of two or more cranks at angles 
with each other (that is, not opposite, or at 180®). Then the 
excess-phase of one crank can be made to coincide with the defi- 
ciency-phase of the other; and not only will there be no dead-center, 
so that the engine will start from any position, but there will be 
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a much smaller variation in the total turning-force or turning- 
moment on the shaft. The freedom from dead-centers is especially 
important in engines that have to start frequently against their 
full resistance, as locomotives, hoisting-engines, and the like: 
and these are always made duplex, with cranks at right angles. 
Of course, a compound engine, with each cylinder driving its cranky 
will have the same action: except that in engines of the locomo- 
tive class, provision must be made for admitting steam directly 
to the low-pressure cylinder at starting, without waiting for it ta 
get through the high-pressure cylinder. 




Fig. 139. — Circular Diagrams Combined. 

An example showing the simplest case of this combined action 
is given in Figs. 139 and 140, which represent the working of a 
duplex simple engine with cranks at right angles. The two turn- 
ing force curves are supposed to be alike, and are taken from Fig. 137. 
The second crank will be at dead-center when the leading crank 
is at 90®, hence the location of Aj and B, on the drawings. The 
resultant curve of total turning-force is got by adding the ordinates 
of the simple curves. 

The circle or line of total resistance is drawn on the resultant 
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curve, and it at once appears that the variations in driving-force 
on the crank-pin are much smaller, especially in comparison with 
the mean force, than in a single engine. The form of curve here 
shown, with a minimum at each quarter-point and a maximum 
near the middle of the quadrant, is characteristic of this type of 
engine. 

In the larger multiple-expansion engines, with three or four 
cranks, especially in marine engines, there is a considerable variety 
in the arrangement of the cranks, as to angles and as to order of 




^6 160 270 

Fig. 140. — ^Turning-force in Quarter-crank Engine. 

sequence. Combined turning-force diagrams for these engines 
are made in the same manner as Fig. 139 or 140. An additional 
complication is encountered, in that the pistons are not of the same 
size; so that if the separate curves are to be combined, they nuist 
either be worked out for total force on crank, or else one piston 
must be taken as the chief and the pressures on the others be 
referred to that, or expressed as equivalent pressures per unit of 
area of that piston. These matters will be more fully taken up 
in connection with the study of the compound engine. 

(d) Fluctfuation in Speed. — ^The discussion in (a) determines 
only the limits of speed variation. A more detailed investigation 
into the motion of the wheel is given in Fig. 141, where curve I. 
is the turning-force diagram of Fig. 138, plotted on the line of 
average force instead of an absolute base, and with the whole 
crank-circle developed along a continuous line. 

To derive from I. the curve of speed-variation at 11., we find 
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the efifect of successive small increments of free work, as repre- 
sented by areas between ordinates of I., and as taken up or given 
off by the wheel. The general expression for kinetic energ>' of 
the wheel is 

where D is the diameter in inches. For any particular engine we 
can work out the numerical value of m = l-f-.000,000,2961FD%- 




Fig. 141. — ^Diagrams of Fly-wheel Motion. 

and then, putting (248) into the form A^' =m/iC, we get, for simul- 
taneous changes in N^ and K, 

JN^=^mJK (249) 

For the engine of Fig. 138 and Example 1, the value of m is 

1 1 



m = 



000000296X1725X5184 2.641 



= .3786. 



The base-line of Fig. 141 is two-thirds as long as that of Fig. 138: 
then with the same pressure-ordinates, the area-scale will be 
806X1.5 = 1209 ft. lbs. per sq. in.— see (245). And since one F.P. 
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of free work will change N^ by .3786, 1 sq. in. of area will have 
the influence 

n = 1209X.3786=458; 

80 that for working directly from the diagram in I., to get curve 
IL, we have the relation, particular as to its numerical constant, 

JiV*=458Ja. . (250) 

Table 36 A, covering half the. length of the diagram, but less 
closely — that is, with wider intervals between ordinates — than 
in the determination actually used in laying out curve II., will 
illustrate the method of computing ordinates for this curve. The 
intervals are indicated by the numbered spaces on I., and the 
table is self-explanatory through JN^i at the beginning of space 
1 the speed is 249.38 R.P.M., according to curve II., and the number 

Table 36 A. Computation op Speed. 



Interval. 


Ja 
sq. ins. 


JN^ 


iV» 


N 








62189 


249.38 


. 1 


- .55 


-252 


61937 


248.87 


2 


+ 1.07 


+490 


62427 


249.85 


3 


+ 1.10 


+ 504 


62931 


250.86 


4 


+ .48 


+220 


63151 


251.30 


5 


- .73 


-334 


62817 


250.63 


6 


-1.48 


-678 


62139 


249.28 



and its square are entered at the top of Cols. 5 and 4: then the 
values in each line show the effect of the interval, or the condition 
at the end of the interval. Values of N can be got from N^ by 
interpolation in the table of powers and roots given in any engineers' 
handbook. 

As to the relations between the ciures, it will be noted that 
where I. passes zero II. has a maximum or minimum; and where I. 
passes a maximum point there is a point of inflection in II. — ^the 
regular relations between a derivative curve and its primary. 
Further, II. passes through zero, or the speed is at its mean value, 
near the middle of each phase of I. This last fact was used in 
getting a starting-point for the cumulative addition of JN^: 
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phase III. of the turnmg-force diagram, or RRS (compare Table 
35 A), has the largest area, and is of nearly s)nnmetrical form: and 
it was assumed that the mean speed of 250 R.P.M. would exist at 
the middle of space 6, or at 255°. This gave in II. the base-line 
passing through the point N: and after the curve was drawn, its 
net area, measured from this base, was +.86 sq. in.; so that the 
base-hne, 12^' long, had to be moved up .07" in order to be a true 
average-line of the curve. 

(c) Irregular Movement of the Wheel. — Curve III. in 
Fig. 141 shows the effect of the variation in rotative speed upon 
the movement of the wheel, or the manner in which a point on 
the rim oscillates about the mean position which it would have 
if the speed were absolutely uniform — ^which can, perhaps, be best 
realized by imagining this reference-point to be carried on another 
wheel rotating beside the first at uniform speed. To get the time- 
efifect of the small variant velocity represented by the ordinates of 
curve II., we proceed as follows: 

The ordinate-scale of II., at full size, is r'=l R.P.M.; the 
distance travelled by a point on the rim of the 72-inch wheel, on 
account of a rotative speed of 1 R.P.M., is 226.2 ins. in one minute 
or 3.77 ins. in one second. The time represented by the whole 
base-line, 12 ins. long, is 60 -f-250 =0.24 sec, so that 1 in. stands 
for .02 sec. Then 1 sq. in. of area under II. represents an effect 
of velocity X time which will move the wheel 

JS =3.77 X. 02 =.0754 in.; 

giving the more general relation 

JS=.0754Ja (251) 

By means of this formula the ordinates of III. are computed 
from measured areas imder II. The scale of this curve is such that 
the displacements are represented at about true size in the reduced 
figure. 

(/) Acceleration op the Wheel. — ^This second idea, of 
determining the time-effect of a function of the motion, could have 
been used with equal facility for getting the velocity curve from 
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one representing acceleration: the latter would be similar to curve 
I. in form, differing only in its ordinate-^cale; and the acceleration 
represented might be either angular or lineal — the second, that of 
the end of the wheel-radius, or of a point on the rim. To get an 
expression for angular acceleration under the conditions of our 
problem, we have first that a free force of t pounds per square 
inch of piston is equal to a total force At on the crank; its moment 
is Q =AtR/12f and it acts upon a rotating mass whose polar moment 
of inertia it M fc', where M is W/g and the radius of gyration k 
is the wheel-radius in feet, or Z)/24. The general relation is 

Q^Mk^o), (252) 

in which oj is the angular acceleration in radians per second per 
second; and substituting the values above, we get 

<-=C^§. (253) 

where the coeflScient C is 48^ or 1544 for D in inches, and 10.72 
for D in feet, R being always in inches. 

linear acceleration at the rim is got directly, by substituting 
for the actual turning-force At on the crank an equivalent, " re- 
duced" force at the rim, having the same moment, and found by 
the relation 

P-At^-§f (254) 

R and D being, of course, in the same unit. Then the acceleration 
a of the mass M is 

«=2i7-^^; (255) 

and dividing by the radius ^D, expressed in feet, we should' get a 
formula identical with (253). 

Applying (255), as most convenient, we see that, in Fig. 141, 
1" of ordinate represents a force of the value A< =24x153.9 =- 
3694 lbs.; substituting this with the other particular values, (255) 
becomes 

«'-«^-32j'^7^ -14.35 (256) 
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And 30° or 1" of base-line represents .02 sec.; so that the velocity- 
change value of 1 sq. in. is JF =0.287. Then for interval no. 3 
in Table 36A the change in velocity would be 1.10x.287 = .316 ft. 
per sec. This bears to the mean velocity 78.54 (see Example 1) 
the ratio .316-^78.54 = .00402; and in Table 36 A the corr^pond- 
ing change in rotary speed is 1.01, and tliis bears to 250 the ratio 
1.01 -J- 250 = .00404, which is practically the same. 

The method actually used, of working from force on a distance- 
base, through kinetic energy, to velocity, seems more in line with 
other computations on the fly-wheel than does that involving the 
acceleration. In some problems analogous to this, however, where 
the free force is on a time-base only, the second method is the one 
available. 

(g) VELOcrrY by Momentum. — Slightly different in idea from 
the use of the acceleration, but the same in result, is a method 
based on the momentum equation 

FT=^MV, 

where T is time in seconds; and which, put into a form more 
directly applicable, becomes 

J(FT)=MJV (257) 

In our example, the force represented by 1" of ordinate in Fig. 141, 
reduced to the wheel-rim, or to the path of the moving mass, is, by 
(254), 

F'=3694X^=770; 

and for 1 sq. in., the time-value of 1" of abscissa being .02 sec, 
we have 

J' (FT) =15 A. 

Dividing this by the mass, iif = 1725 4-32.16=53.64, we get 0.287, 
the same constant as in the last article. 

That this is only a variation on the acceleration method appears 
when we take the general relation 

aJT^JV 

and substitute for the acceleration a its value F/M. 
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(h) Non-uniform Resistance. — In some engines, where the 
load is applied directly to the cross-head, the simple condition of 
a uniform tangential or torque resistance does not exist. In 
piunping-engines, this axial load is nearly uniform throughout the 
stroke, while in air-compressors it is variable. In either case, the 
duty to be performed by the fly-wheel can be most easily deter- 
mined by diagrams of the type of Fig. 132. 
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Fio. 142. — Outline of Blowing-engine. 

To illustrate the methods of procedure in a case of this sort, an 
example will now be worked out. The engine, outlined in Fig. 142, 
is a compound blowing-engine, with the two steam-cylinders lying; 
side by side, and with the ends of the cross-head connected to 
the two fly-wheels. The diameters are 30" and 54" for the steam- 
cylinders and 80" for the air-cylinder, with a stroke of 80". 

The indicator diagrams to be worked up are given in Fig. 143; 
and while the steam-action which they show might be better, they 
serve very well as a basis for the mechanical discussion of the 
performance of the engine. The pressure-scales are laid off on the 
cards, and the R.P.M. was 23.5. 





Table 36 B. Cc 


INSTANTS 


FOR Diagrams. 






1 


2 


3 


4 


5 


6 


Cyl. End. 


Piston 

Area, 

Sq. ins. 


CyUnder 

Volume. 

Cu.ft. 


Ratio to 
L. H. 


True Scale. 


Correetiofi 
Factor. 


Reduction 
Factor. 


H.H. 


706.8 


32.72 


.3087 


40.0 


1.00 


44.46 


H.C. 


687.2 


31.82 


.3001 


40.4 


1.01 


43.65 


L.H. 


2290.2 


106.03 


1.0000 


20.4 


1.02 


146.9 


L.C. 


2266.5 


104.93 


.9897 


20.4 


1.02 


145.4 


A.H. 


4998.2 


231.40 


2.182 


16.67 


1.042 


327.4 


A.C. 


5026.5 


232.71 


2.195 


16.0 


1.00 


316.1 
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The constants useful for present purposes are given in Table 
36 B. For combination, all the pressures are to be reduced to 
pounds per square foot of the low-pressure piston of full area (not 
diminished by the piston-rod, or on the head-end side): and in 
Col. 3 the ratio of each piston-face to this reference-area is given. 
Col. 4 contains the results of a calibration-test of the indicator springs 
used, and the factors in Col. 5 are to be used for correcting ordinates 
when measured with the nominal scale. Finally, Col. 6 is a combi- 
nation of the factors in Cols. 3 and 5 with 144: thus for high-pres- 
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FiQ. 143. — Indicator Diagrams. 



sure head-end, or H.H., the factor 44.45 = .3087X144X1.00 is 
to be used for transforming pressures measured from the H.H. 
card with a scale of 40 to the inch, or in poimds per square inch 
by the nominal scale, to pounds per square foot of the L.H. piston. 
By measuring, reducing by multiplication, tabulating, and 
combining the ordinates drawn on the indicator cards, data for 
the cun'^es in Fig. 144 were obtained. At full size, the scales of this 
figure are, for pressures, r' = 1000 lbs. per sq. ft. of the full L.P. 
piston; for volumes, r' = 10 cu. ft. displaced by this same piston; 
so that 1 sq. in. of area represents 10,000 F.P., or 10 of the 1000- 
F.P. work units of § 5 {d). 
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The whole of Fig. 144 is on the same system as Fig. 132, the 
base MN being the stroke-Hne. The primary curves are: 

1. Effective steam-pressure, H.P. cylinder. 

2. Effective steam-pressure, L.P. cylinder. 

3. Total steam-force, the sum of 1 and 2. 

4. The air-resistance. 




Fia. 144. — Curves of Effective Pressure. 



And the derived curve is 

5. The difference between 3 and 4, brought to the straight- 
line base MN. 

The results of a calculation of the work done in one revolution, 
from areas under curves, are given in the following condensed 
statement; where the two partial steam-works and the total for 
each stroke were got by independent measurements with the 
planimeter, so that the sums do not quite check up. 
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H.P., forward, 225.3 W.U return, 204.4 W.U. 

L.P., forward, 285.7 " return, 300.2 " 

Steam, forward, 511.1 W.U return, 505.0 W.U. 

Air, forward, 383.0 " return, 384.4 •* 

Total steam work 1016.1 W.U. 

Total air work 767.4 W.U. 

Lost work 248.7 W.U. 

Mechanical efficiency =-7777^ =.756 
1016.1 

Dividing the total friction-work, 248,700 F.P., by the piston-dis- 
placement for both strokes, or 212.1 cu. ft., we get a mean resistance 
of 1174 lbs. per sq. ft. or 8.15 lbs. per sq. in. This average friction- 
force is measured up and down at MA and MC, and its action is 
represented by the lines AB, CD, the rectangles MB and NO stand- 
ing for the work of friction. Actually, the friction-line would be 
a curve, lower in the middle and rising at the ends; because the 
friction-resistances of the crank-pins and of the shaft-bearings 
keep on moving at full speed when the pistons are near dead- 
center and the driving-force is mo\dng very slowly. However, 
the straight friction line is a useful approximation. 

Now the lines AB, CD, are means of the curves 5, or of the 
curves of unbalanced force. Then, without considering the inertia 
of the reciprocating parts, the four phases of free work to be- 
cared for by the wheels, and their values, are, by measurement, 

I. AEF, + 90.9 W.U. II. FGB, - 88.2 W.U. 

HI. DHK, +100.7 W.U. IV. KCL, -103.1 W.U. 

+ 191.6 W.U. -191.3 W.U. 

As a rough estimate, the total weight of the reciprocating 
parts is about 15 lbs. per sq. in. of the L.P. piston. At 23.5 R.P.M., 
the angular velocity is 2.46, by (227); and the constant C,= 
d^-ir24g of (229) is .00785. Multiplying the latter by 5=80, we 
get the ratio of Fo to T7 to be 0.628; sothatFo/A willbe 15X.628=- 
9.4 lbs. per sq. in., or 1350 lbs. per sq. ft. Inertia diagrams for 
*' infinite rod" are drawn on AB and CD, and show a considerable 
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diminution in the irregularity of the unbalanced force, the values 
of the four phases given above changing to 



I. 
III. 



+ 57.8 W.U. 
+ 66.8 W.U. 

+ 124.6 W.U. 



IL - 54.0 W.U. 
IV. - 70.8 W.U. 

-124.8 W.U. 



Again roughly, the two wheels have an effective weight of 
60,000 lbs. at a radius of 10 ft.; then 



9 ' 



24^' 
'32.2 ~' 



606.0 
" 32.2 '' 



= 18.7; 



and for £'=70,800 F.P., we get 



/ = 



70,800 
60,000X18.7 



= .063, 



as the ratio of fluctuation of speed. 

(i) Stress in Rim op Wheel. — The condition of the rim of 
the wheel under the action of centrifugal force is illustrated in Fig. 
145 : it is subjected to a uniformly 
distributed radial load; and the 
force tending to cause rupture at 
any section, as at AB, is found 
by taking the sum of the com- 
ponents at right angles to AB of 
all these radial forces — as indi- 
cated by Fj, Fi, The mathe- 
matical deduction of the value 
of this resultant force on the half- 
ring is as follows: 

Let a be the area of cross- 
section of the rim in square feet, 
I any length in feet measured 
along its circular center-line, and w the weight per cubic foot of 
the material. Then the centrifugal force of a piece of unit-length 
will be 




Fig. 145. — Centrifugal Force on 
Wheel-rim. 
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and for an element of the length dl^Bdaj we have 

dF^fdl^fRda, 

Now the component perpendicular to AB is df sin a, so that we 
have 

c?Fj =]R sin a da : 

and integrating for the half-circle we get 

F^^fR flmada^2fR (259) 

The total centrifugal force on the half rim is 

IF^TzfR] 

and we see that the biursting tendency is as if the force / were dis- 
tributed along a bar of length equal to the diameter of the wheel, 
and that the force F^ bears to the whole centrifugal force F of the 
rim the ratio 1 : ;r. 

This load is taken up at two sections of the rim, so that the 
tension at either section is F/2n, 

Example 3. — A wheel 16' in diameter, with rim 24" X 3", is made 
in sections and bolted together with five IJ" bolts at each joint: what 
will be the tensile stress in the cast-iron rim and in the bolts, on 
account of centrifugal force at 100 R.P.M., disregarding any holding 
effect which the arms may exert? 

Taking C3-.I42I from Table VII and using the diameter D-189" 
instead of S in (230), we get V^/gR to be .1421X189-26.86; which 
means that the centrifugal force of each pound of rim is 26.86 lbs. 

The weight of the rim is 

^ 3X24X3.142X189X450 ,,,,^,^ 
TT- ^^^28 11,150 lbs- 

And the tension on the rim is then 

On the 72 sq. ins. of rim section this brings a stress of only 681 lbs. 
per sq. in. On the five bolts, of an effective diameter (under the threads) 
of 1.25" and with 1.23 sq. ins. of cross-section, the stress will be 

47 600 
5- j-2^^-7750 lbs. per sq. in* 
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(j) Limit of Speed. — Knowing the working-etress in the wheel 
and that the centrifugal load-force varies as the square of the speed, 
it is easy to calculate, in any case, the speed at which danger of 
bursting will begin. At present we shall not go into a discussion 
of the effect of various methods of construction in this respect. 
But by extending the deduction of the last article, we can arrive 
at certain general relations of considerable interest. 

Multiplying (258) by the circular length kD of the ring, we get 

F^7tDf^2nR~^ r260) 

g K 

Taking out the factor 2;r, we have the tension T and can equate it 
to the expression for the strength of the ring, getting 

T^—V^^lUaS: (261) 

from which 

V^^^^S (262) 

It will be noted that in (260) the volume-factor 2'kR was necessarily 
in feet, while & is in pounds per square inch; and if we take a in 
square feet and w in pounds per cubic foot, then the factor 144 
must be introduced, as above. 

For cast-iron, with a maximum allowable working-stress of, 
say, 4000 lbs. per sq. in., the greatest safe speed would be 



-si 



144X32.16X4000 _^. .^ 

— j^ =203 ft. per sec. 



While for a high-grade steel, where & migh^ be as much as 20,000 
lbs., the value of V would be about 200 X >/5 =450. This is greatly 
exceeded in turbines of the De Laval type: but there the radial 
tension of the solid wheel becomes a principal element of strength. 
The reason for the disappearance of R from (260), expressed 
in other than purely mathematical terms, is that while, for a given 
linear velocity 7, the centripetal acceleration varies inversely with 
the radius 12, on the other hand the weight of a ring of given cross- 
section increases as R, 
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§ 37. Force-action in the Connecting-rod. 

(a) The Components op Acceleration. — In the development 
of this subject, ah^ady set forth in general terms in § 32 (c/), the 
first step is the determination of the exact inertia-force of the rod. 
The conditions as to acceleration are closely analogous to those in 
regard to the velocity which are shown in § 33 (i). That is, just 
as the movement of the rod can be resolved in a translation-motion 
with some point, and a rotation about that point, so also is the 
total acceleration made up of a direct, or linear, and an angular 
component. 

Thus in Fig. 146 the components are, direct acceleration wdth 
C and angular about C: the first alone gives to W, or to any point 
E, the same acceleration a^ that C has; and the total acceleration 
of these points is got by combining with a^ another component, which 
is evidently the whole or a part of Cw — ^as appears from the equiv- 
alence of the triangles HBW, COw, and of DFE, COe. Keeping 
in mind the manner of locating the center of acceleration (as in 
Fig. 122), we see that the angle WCw is the same as AGO or AWO: 
that is, it is the angle which each acceleration makes with its radius 
from the center A. And further, comparison T^ith Fig. 120 shows 
that what we found there, in GC, is the component along the rod- 
line of wC or WII in Fig. 146. 

H D c 



Fig. 146. — ^Rod-acceleration Analyzed. 

The general facts as to the acceleration of the rod, and the 
conclusions which may be drawn from Fig. 146, are as follows: 
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First, and fundamentally, the acceleration-center A is the one 
point of the rod (or on a plane attached to the rod) that has no 
acceleration at all, or that is mo\dng, at the instant, with unchang- 
ing velocity. 

Second, the acceleration of any point is proportional to the 
radius from A and makes a certain angle with that radius. Each of 
these point-accelerations is made up of a component at right angles 
to its radius, due to the angular acceleration proper about A ; together 
with a centripetal component toward A, due to the rotation of the 
radius about A with an angular velocity the same as that with 
which the rod turns about its instantaneous center. The above 
analysis of the determination of Fig. 120, where just this idea is 
followed in getting one component of HW, Fig. 146, establishes this 
proposition with reference to the secondary center C; and it is 
easy to see that the same relation would hold for the primary 
center A. Tliis explains why the total acceleration is not at right 
Angles with its radius from A. 

Third, if the motion of the rod be separated into a translation 
with some point as C, and a rotation about C, then the acceleration 
of any other point is the resultant of C's acceleration and of another 
component due to an angular acceleration about C equal to that 
about A — the latter appearing at WH and ED. 

The important practical result of this discussion is that the 
angular acceleration of the rod can be found by di\dding Cw — 
taken to represent acceleration to the same scale as CO represents 
<io — by the perpendicular distance from W to Cw, expressed in feet. 
Dividing linear acceleration in feet per second per second by 
radius in feet, we shoiJd get angular acceleration in radians per 
second per second. 

(6) Total Acceleration. — ^The force required to produce a 
linear acceleration a in a body of mass M is 



F=Ma; (263) 

ar ace 
moment required is 



while for an angular acceleration ^^'^7=^1^^ ^^^ torque or 



T^Mh'a): (264) 
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where k is the polar radius of gyration of the body with respect 
to the center of angular acceleration, so that Mk^ is the polar 
moment of inertia of its mass. 

In passing from acceleration (a geometrical quantity) to force, 
a regard for simpUcity of relations limits our choice of the center 
of angular inertia to the center. of mass of the body. It is only 
when the force F is applied at the center that it can produce the 
simple linear acceleration of (263). Resolving the total accelera- 
tion of the rod, then, into a linear component, that of the center 
of gravity, and an angular component about this center, we have 
k as the principal radius of gjrration. 

In Fig. 147, the two force-actions of (263) and (264) are at 
first shown separately, hy Fj,=MxOg at the center of gravity G, 




Fig. 147. — Inertiarforce of Rod. 

and by the couple F^ - F^, of the value T, Now there is an in- 
finite choice in the elements of a force-couple; and the simplest 
residt is got by changing it to 7^ - F', where each of these forces 
is equal to Fl, and F' is placed on the line of, and opposing, F^. 
Then the whole inertia-efifect is expressed by the single force F; or, 
th^ complete acceleration will be produced by the application 
of a force equal and opposite to F. 

This is evidently an extension of the principles of Fig. 103 II., 
the statement being. That if an accelerating force F acting upon 
a body does not pass through the center of mass of the body it 
will have two effects, the first a linear acceleration of the center, 
of the value 

a=F-5-M; (265) 
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the second an angular acceleration about the center, of the value 

(o^Fl-rMk^ (266) 

In order, then, to determine completely the inertia-force of 
the connecting-rod, we get its direction and intensity from the 
known acceleration of the center of gravity, and must then locate 
it by an application of (264). 

Following the conclusion stated at the end of (a), we should get 
Wf and knowing A; could easily find I; but this method, while per- 
fectly feasible and giving a complete solution of the problem, is 
less convenient in application than one along somewhat different 
lines, which will now be developed. 

(c) C<jNCENTRATiON OF Mass OF RoD. — If we are concerned with 
only the linear acceleration of a body, we may think of the whole 
mass as concentrated at the center of mass (or of gravity), where 
it will have a simple linear inertia, as F' in Fig. 148. But if angular 
acceleration is to be considered, then the simplest arrangement 
that can be substituted for the actual, distributed mass of the 
body consists of two concentrated masses, on opposite sides of 
the center and on a rigid straight line through the center. The 
determining conditions for these masses are, letting Mi and M^ 
be their respective quantities and hi and h^ their distances from G, 

First, the total mass must remain unchanged, or 

Afi + M,=M (267) 

Second, the original center of mass must be preserved, or 

MJii^M^ (268) 

Third, there must be no change in the polar moment of inertia 
about G, or 

A/A'+MA'=MA:^ (269) 

By interchanging the terms of (268) in (269) we get 

(Mi + M,)A^-MJfc'; 

^1^3=*,: (270) 
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which is the determining condition of what is known in Mechanics 
as the " compound pendulum." 

In applying these conditions to the connecting-rod, one of the 
simpler cases is that shown in Fig. 148, where the partial mass M^ 




Fig. 148. — Concentrated Masses. 

is at the wrist-pin W, and the other, Af,, is at J. This second point 
is located graphically by drawing GK perpendicular to the rod and 
equal to k, then making WKJ a right angle; for in the triangles 
WGK, KGJ, where WG -A^ and GJ ^A,, 

hi:k::k:h^, (271; 

which satisfies (270). 

Now the inertia-force of A/j will act along OW, that of M, 
along a line whose direction is found by drawing Jj horizontally 
over to the image and joining Oj. Then the line of this force is 
JL, parallel to jO: and the resultant of the two partial inertia- 
forces, Fi and F,, must go through the point L. A complete solu- 
tion by this method would involve the determination, first of M^ 
and il/j by (268), next of a^ and 02 from the image, finally of F^ 
and F2 by (263), and the graphical combination of these forces. 
But since the direction and intensity of the resultant is already 
known, from the acceleration gO, we need not go beyond the 
finding of the point L: the line LQ, parallel to Og, locates the rod- 
force. 

(d) Rod-force Constructign. — ^A further development of this 
method into the form most convenient of application is illustrated 
in Fig. 149. The work of locating the action-line of F — deter- 
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mined by the intersection L in Fig. 148 — is reduced to a minimum 
by choosing one point of concentration at B (on I.), where its 
acceleration will be right along the rod, and will pass through 
the other point, at Q. Now it matters not what is the direction 
of the second component Fj, since it is bound to pass through this 
point Q. Out of the infinite choice of points of mass concentra- 
tion — not limited, of course to the center-line WC — this leads 
most directly to the desired result. 




FiQ. 149. — Rod-force Construction. 

The next step is to reduce or contract the construction to the 
image, as shown at II. in Fig. 149. The point B, corresponding to 
b in I., is found by drawing OB parallel to the rod, by the method 
of Fig. 116: then KG is drawn perpendicular to the image CW 
at its *' center of gravity," its length in the proper ratio to CW: 
and BKJ is made a right angle. The only disadvantage of tliis 
method is that CW changes in length as we go round the crank- 
circle: and it is better to make the similar construction B'K'J' 
on the radius, considering it to be, for this purpose, a sort of con- 
stant-length image of the rod; BB' is, of course, a horizontal 
line, as is also Bb in I. 

Finally, by drawing J'E parallel to CW, we divide the inertia- 
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force of the rod into its parallel components at the pins; for, 
e\ddently, 

OE : EG =0J' : J'C = WQ : QC on I. ; 
or 

0EXCQ=EGXWQ (272) 

Here we treat 00 as a force, represented to a proper scale by this 
line; while in all the preceding part of the discussion it is used 
only as an acceleration. 



"'w ■ 

Fig. 150. — Rod-inertia Resolved. 
(e) Effects of Rod-inertia. — In Fig. 150 the rod-inertia F, 
A single force at Q, is replaced by its parallel components, CD at 
the crank-pin and WO at the wrist-pin, being resolved according 
to (272). At C the force CD is further resolved into two com- 
ponents, CE along the crank-line, where it will have no turning- 
effect, and OF along the rod-Une, where it will combine T^ith the 
force transmitted, S in Fig. 133 or 134. At W, WG is resolved 
into WH along the rod and WK in the direction of the guid^pres- 
sure. In other words, the components of inertia 
are resolved, at the respective pin-centers, in the 
direction of force transmitted and of restraint of 
motion. 

In Fig. 151 these force-resolutions are brought 
together on the image construction, taken from 
Fig. 149 II. The triangle CDE of Fig. 150 is repro- 
duced at OEB, and WGH at EGD. It appears 

^ _^ now that by the simple device of drawing BD 
Fig. 151.— Effect ., u t7 ii i 4. ^u av j ? 

of Rod-inertia, through E, parallel to the rod-hne and meeting a 

vertical from G at D, we have the rod-force OG 

resolved into its three component-effects; namely, OB along the 
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crank, outward, and with no influence upon work-performance; 
BD along the rod and modifying the transmitted force S; and 
DG perpendicular to the guide and affecting only the guide-bar 
pressure. 

(J) Division op Rod-mass in Approximate Method. — ^The 
construction just described is applied in Fig. 152 to a rod of 
typical proportions, in order to see how nearly the approximation 




Fio. 152. — Components of Rod-inertia. 

of § 32 (c) agrees with a true anal3rsis, the comparison alluded to 
in § 32 (cO being made. The rod is six cranks long; the center of 
gravity is at four-tenths of the length from C to W, or CG =0.4C\V 
in Fig. 147; and the radius of gyration k has this same length, 
0.4L. The construction of Fig. 149 II. is first used for getting 
OEG at each crank-angle, and then the DB-lines of Fig. 151 are 
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drawn. The construction need not be made for more than two 
quadrants, as remarked in § 33 (h). 

For comparison ^ith the radial component OB, the circle on 
HF is drawn with the radius OH equal to half of OA: and it appears 
that to assimie half the mass of the rod to be concentrated at the 
crank-pin will give a very close approximation to true rcsiilts. 
In II., the horizontal component of DB is plotted on the developed 
semicircle, giving the dotted-line ciu^e; while the full-line curve 
is laid out from a diagram Uke Fig. 124, likewise for a radial force 
equal to one-half of the full F© f^r ^^e rod, or of OA. This shows 
how very nearly correct it is to concentrate the other half of the 
rod-mass at the wrist-pin. 

Departures from the rod-proportions used above, as encountered 
in various designs of engine, are not large: and it is safe to make 
a general rule that the mass of the rod shall be divided into equal 
parts, for concentration at the two pin-centers in the approximate 
determination of inertia-eflfect. 

§ 38. Pressures on the Bearings. 

(a) Exact Pin-pressures. — ^The method of determining the 
true pin-pressures, as indicated in Fig. 102, is now to be worked 
out. The first step is to show, by means of Fig. 153, certain rela- 
tions existing in the case of a two-joint link which transmits force 
and is at the same time under the action of a transverse force of 
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Fig. 153. — ^Pin-pressure Analysis. 

its own. The conditions of the case are set forth in this figure, 
on the rigid bar WC acts a force F, along the line QX; and this is 
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to be held in. equilibrium by forces applied at (or through) W and 
C. These two forces may act along any pair of lines which meet 
in a point on QX. Suppose X to be one such point, then make 
XY=F and resolve it into the components AX and BX: forces 
equal and opposite to these components, at W and C, will give 
equilibrium. 

By a further analysis, the pin-pressures, Pw at W and Pc at C, 
are resolved into the components KW and LC parallel to F, and 
GW and HC along the center-line WC: then the first two are in 
equilibrium with F, the second two balance each other, showing 
the longitudinal stress in the rod due to force transmitted. 

Now the only effect of changing the position of X, or of using 
another pair out of the infinite number of possible force-lines, is 
to change the internal stress components GW and HC: so long 
as the force-line QX remains in one definite position with reference 
to WC, the system of parallel forces made up of F and the equilib- 
rium components Pwe=KW, Pce=I-'C, will remain unchanged. 
This ought to be self-evident, but it can also be proved geometric- 
ally by dra\^ing AD parallel to WC: then in the similar triangles 
ADX,^ WQX, 

DX : QX : : AD : QW; 

and in ADY, CQX, 

DY:QX::AX):QC; 

from which we can easily get 

DX : DY : : QC : QW. 

That is, no matter what the position of X, D divides F into the 
components Pwe and Pce, inversely as the distances QW and QC. 
(6) Construction for Pin-pressures. — The condition of 
equilibrium — namely, that each pin-pressure, besides exerting an 
effect along the center-line, shall balance its share of F — is put 
into graphical form in Fig. 154; where the line EjEj is a locus of 
the ends of all the possible pressures at the wrist-pin W, if laid 
back from W as a pole; while FjFa is a similar polar diagram for 
the crank-pin. 
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We approach the problem of finding the true pin-pressiires 
with two quantities unknown; and the method of solution is given 
in Fig. 155. Coming from the piston-slide, we know completely 
one component of Pw; the effective driving-force P; but the other, 
the guide-reaction Q, is known only in direction. Measuring off 
WA=P, and drawing the vertical AJ, we have that AJ is a polar 







Fig. 154. — The Equilibrium Locus. 

locus of the ends of all wrist-pin pressures which meet the conditions 
external to the rod. Knowing the rod-force F and its parallel 
components at the pins, from Fig. 149, we make WE equal Fw 
(the same as WK in Fig. 154), and draw EF parallel to WC. This 
locus embodies the internal conditions of equilibrium: and its 
intersection with AJ at F determines, in WF, the one wrist-pin 
pressure that satisfies all conditions. 




FiQ. 155. — Construction for Pin-pressures. 

The pressure at the crank-pin can be found by making CK = WH, 
or transferring the internal stress component to C, and combining 
it with CD=Fq so as to get CL=Pc- or, more simply, by closing 
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the triangle WFG, where WG is equal (but opposite) to F. In 
this construction, we find the pin-pressures, in direction, as acting 
upon the rod, usmg the balancing components, WE, EG, as a part 
of each. 

It is interesting to note that the triangle HJF is identical with 
DGE in Fig. 151; showing how one component of Fw or FH 
diminishes the guide-reaction Q from the full value AJ which it 
would have if the rod were a weightless link, while the other com- 
ponent JH shortens the transmitted force. A similar analysis 
might be made at the crank-pin, but to no useful result. 

(c) Determination of the Pin-pressures. — In finding the 
crank-pin pressures shown on Fig. 157, the construction in Fig. 156, 




F 
Fig. 156. — Pressure on the Crank-pin. 

a slight modification of Fig. 155, was used. Here OC is Fo for the 
rod, and OG is F, after the manner of Fig. 149 II. ; but the division- 
point E is moved to the other end of F. From O, taking it to 
represent the wrist-pin center, we measure back P, taken from 
Fig. 132 (or rather, from Fig. 158) : then EF is drawn parallel to 
the center-Une of the rod, and FG is the crank-pin pressure Pq, 
in the direction of action of rod on pin. 

For these figures the same proportions of rod were used as 
for Fig. 152. In Fig. 132, the value of FJA was 36 lbs.; but this 
is due to a reciprocating mass which includes half the connecting- 
rod. Of the total weight of the reciprocating parts, a good average 
assumption gives the piston-sUde six-tenths and the connecting- 
rod four-tenths. So that three-fourths of the 36 lbs. above will 
be considered as due to the slide alone, and we have: 

For the slide, FJA =27 lbs. 

For the rod, F^A = 18 lbs. 

In Fig. 158, otherwise the same as Fig. 132, the inertia-curve 
SQT is drawn for 27 lbs. ; and ordinates measured from it were used 
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in making the construction of Fig. 156. The results of this work 
are shown in Fig. 157, where each Pq or CD is parallel and equal 
to an FG of Fig. 156. Forces on these two figures are twice as 
long as those on Fig. 158. 

Fig. 157 shows some interesting facts, as, for instance, how 
the inertia of the rod combines with its slant so as to throw the pin- 
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Fig. 157. — ^Diagram of Crank-pin PreBSuree. 

pressures farther from parallelism with the stroke-line throughout 
the forward stroke, but to bring them nearer to this parallelism 
during the return stroke. Its chief value, however, lies in the 
comparison which is made between results got by the exact and 
by the approximate method. 

The latter is appUed to this case by laying off along the rod- 
line in each position the length CE=S, the force along the rod 
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after the manner of Figs. 133 and 134, as got from the ordinates 
of Fig. 132. These forces include the effect of half of the mass 
of the rod; and the other half, at the crank-pin, is taken into 
account by combining its centrifugal force ED with CE. The 
resultant is so nearly the same as CD that the difference hardly 
goes beyond the limit of accuracy of the drawing. 

Now CD is very nearly the same in length as CE less the hori- 
zontal component of ED; this subtraction would be made by 
adding the other half of the rod-mass to the sliding-mass which 
gave the curve PQR in Fig. 132: and we come to the very useful 




FiQ. 158. — ^Approximate Pin-preesuree. 

practical result, that the variable pressure on the wrist-pin is given 
very closely by ordinates measured from the curve SQT in Fig. 158; 
while for the crank-pin pressure the ciu^^e UQV is to be taken as 
the base-line. Curve SQT shows the inertia-force of the slide- 
mass alone, UQV includes the whole of the connecting-rod. To get 
turning-force we continue, however, to use the intermediate curve 
PQR on Fig. 132. 

The error in the determination of pin-pressures by Fig. 158 
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is greater where the pressures are small, and the rod-angle large, 
in the second and fourth quadrants. But the large pressures are 
closely determined, and absolutely all the data that could be 
desired for the purposes of the not very exact science of designing 
the machine are given by this figure. 

(d) Pressures on the Crank-pin. — ^The results given in 
Fig. 157 are shown according to another scheme in Fig. 159, where 




Fig. 159. — ^Diagram of Preesures on the Crank-pin. 

each crank-pin pressure is drawn on its line of action with refer- 
ence to the crank, and we see the point on the surface of the crank- 
pin at which the pressure is central for each position of the mech- 
anism. The diagram can be most conveniently drawn by putting 
the figure of the crank on a sheet of tracing-paper, pivoting it 
at O on Fig. 157, then bringing C to successive positions, tracing 
the direction of CD, and measuring back its length. This figure 



§38 (d)] 



PRESSURES ON THE BEARINGS. 



311 



shows how, when the engine runs in one direction, the pressure and 
the wear are nearly all on one side of the crank-pin. 

The changes in pressure at the dead-center, from 360^ to 0®, 
and from 180 F (forward) to 180 R (return) are not really instan- 
taneous, as shown here and by the dotted lines on Fig. 157; but 
are made more as indicated by the full-line curves on the latter 
figure. 

(e) Guide-bar Pressures. — In Fig. 160, laid out on a stroke- 
line base, are given curves showing how the guide-reaction varies 
throughout both strokes. The full-line curve is plotted with FW 
on Fig. 156 as ordinate; that in dotted line shows Q as comple- 
mentary to Sy as in Fig. 133, got from the same values of P that 
were used for Fig. 156. The effect of the vertical inertia-com- 
ponent at the wrist-pin (WK on Fig. 150) in tending to lift the 
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Fig. 160. — Diagram of Guide-reaction. 



rod during the forward stroke and to force it down during the 
return stroke, is clearly shown; the difference between the two 
curves being simply this vertical inertia, as explained under 
Fig. 155. This action respectively diminishes and increases the 
forces which the guide must exert upon the cross-head in the two 
strokes. 

(/) Pressures on the Shapt-bearings. — ^The method of 
§ 32 (e) and Fig. 103 III. gives an entirely satisfactory solution 
to the problem of finding the pressures on the main bearings of 
an engine: but as there presented it is appUcable only to the simple 
case where all the force-actions are symmetrical with respect to 
the plane of motion of the crank — ^that is, to a center-crank engine 
with equal wheels and with the same load-forces on both wheels. 
The more general case of the ordinary side-crank engine is partly 
illustrated in Fig. 161 1. 

Considering only the effective driving-force P as acting upon 
the crank-pin, we have that this force is held in equilibrium by 
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the two bearing-pressures B^ and BjJ the important dimensions 
being the overhang c of the crank-pin beyond the middle of the 
main bearing Oj, and distance b between the latter and the out- 
board bearing O,. Taking the origin of moments at O2, we get 
Bi by the relation 

B^-^-i^P; (273) 

and since B^ is the middle one of a set of three parallel forces, we 
get B2 aa {B^—P) : or, taking moments about O^, 

B,=Ip (274) 

The graphical method of determining parallel forces when one 
out of three is known is also shown on Fig. 161 1. To get B^ from 
P, with the center of moments on the line of Bj* we draw any 
convenient base-line FG across the three force-lines (not neces- 
■sarily at right angles to them) : then on the line of B^ measure 
off the length of P at DE, and draw FEH, cutting off the length 
of Bi, at GH, from the line of P. From the proportion 

DE:GH=DF:GF, 
we have 

PX(6+c)=BiX6; 

the interchange of the two forces between their respective lines of 
action fulfilling the requirement of inverse proportionality to dis- 
tances from the origin. The third force is given, of course, by 
subtraction, as KH. To get it primarily, we should use LK as 
base-line, transfer P to FL, and cut off JBj at KH. 

(g) Extra Pressure on the Bearings. — ^The effect of this 
turning-moment in the plane of the shaft-axis, due to overhang 
of the cranks, is particularly strong in locomotives which have the 
connecting-rods outside of the coupling-rods, so that the distance 
c is long in comparison with 6, in Fig. 161 II. When the two P's 
act in the same direction, the two B's are together equal to their 
«um, and there is very little extra-pressure; but when, as here, 
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they are opposite, their tuming-eflfects unite to make the bearing- 
pressiires much larger than those on the cranks. 










^f— ^ 




Fig. 161. — Unequal Pressures on the Bearings. 
To find Sj on Fig. 161 II,, we take moments about O, and get 
BiX6=PiX(6-hc)-h(-P3)Xc; 



whence 



Similarly 



S.=P,4~(P.-P,). 



(275) 



and we see that the extra-pressure, or the excess of each B 
over the P on its side, is the same for both sides. This excess, 
(c/6)(Pi — Pj), is small when P^ and P, are in the same direction, 
but large when their directions are opposite, so that their algebraic 
difference is their linear sum. 

Fig. 162 illustrates the variation of these forces throughout one 
revolution of the shaft. The base-line is the developed crank- 
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circle; and curves I. and II. are plotted for the respective sides 
from diagrams like Fig. 130 III. Now the difference {P^—P2) is 
given by the ordinate-length intercepted between these two curves: 
and to get the extra-pressures we use the reduction-diagram at 
v., which embodies the ratio c : b, and is got by making 

CB:AB=c:6. 

Taking any intercept as DE, we measure it off from A along AB; 
and the vertical at its end, up to AC, is then laid off at DF and EG, 
so as to get points on the*B-curves, III. for Sj, IV. for JBj. 




Fio. 162. — Beaiing-pressures in a Locomotive. 

In this locomotive, the total width (2c +6) is about twice b; 
so that c/b is one-half, and the maximimi bearing-pressures are 
about twice the corresponding crank-pin pressures. This is an 
extreme case; and in stationary engines it is likely that the excess 
will not be more than from 10 to 30 per cent. 

(h) Dlvgrams of Bearing-pressure. — ^To illustrate the appli- 
cation of Fig. 103 III., as modified by the conclusions in (/), we 
apply the force-actions represented in Figs. 132, 157, etc., to the 
engine-shaft outlined in Fig. 163, belonging to a side-crank engine 
with the armature of a generator mounted beside the wheel. The 
load being in the form^of a torque only, if the armature is properly 
centered in the field, the forces to be combined are the crank-pin 
pressure P, the free counterforce F^ and the weight W. With 
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the dimensions on the figure, these forces are divided between the 
bearings in the following proportions: 

Force at Oj at O, 

P — = 1.24 — = .24('--) 

^. %-'■" ^=-"<-) 

These ratios are got by the method of (273). 




FiQ. 163. — Outline of Engine-shaft. 



In Rg. 164 is shown a series of force polygons like Fig. 103 III., 
taken at equal intervals around the crank-circle, and determining 
the pressure B^ at the main bearing of Fig. 163. These diagrams, 
like all the others, show force per square inch of piston. The 
weight, W/A, is about 15 lbs., of which 9 lbs. are carried at 0^, 
and 6 lbs. at O2; F^/A is 17 lbs., equivalent to 17X1.17=20 lbs. 
at O^; while P is taken from Fig. 157 and multiplied by 1.24. 
The resultants give B^, in the direction of action of shaft on bearing. 
It will be noted that the pressure on the crank-pin is decidedly 
the predominating force, and that the prevailing direction of bear- 
ing-pressure is nearly along the stroke-line of the engine. 
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Similar diagrams can easily be drawn for the out-board bearing, 
keeping in mind the reversed directions of the components of P 
and F^ at Oj. 

A 




Fig. 164. — ^Pressures on the Main Bearing. 



§ 39. Friction and Efficiency. 

(a) Two Kinds of Friction. — In undertaking an analysis of 
the frictional resistances in the engine, as to their manner of action 
and as to their amount, we encounter questions of considerable 
complexity, which cannot be very closely answered. The first is, 
If we know the normal pressure between two rubbing surfaces, or 
the force which presses one upon the other, what is the tangential 
resistance to their relative motion? Determined by the conditions 
of working, the answer to this question lies somewhere between 
the two extreme cases which will now be set forth. 

On the one hand, the older theory of friction, based chiefly on 
Morin^s results which were published about 1835, makes the resist- 
ance to movement a certain fraction of the total normal pressure 
between the surfaces. This fraction, or the " coefficient of friction," 
is affected by the material and by the character of the surfaces and 
by the degree of lubrication; but the resistance is independent of 
the area of contact, unless the latter is so small as to cause an 
excessive specific pressure. It is now known that this applies to 
dr>% smooth surfaces under moderate pressure, and to the case of 
partial lubrication imder heavier pressure: but that any particular 
coefficient is applicable only over a narrow range of conditions, or 
that the ratio of friction to pressure is a much more variable quantity 
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than was supposed. Under the conditions just stated, the initial 
resistance, or the friction of starting, is greater than that which 
exists after a good velocity of movement has been established; 
at first, the decrease is rapid with small increments of speed, then 
the coefficient tends to become constant. 

As the result of a later body of experiments, made within a 
few years of 1880, it was found that with full .lubrication — ^that is, 
with a film of oil between the metaUic surfaces, and separating them 
so as to prevent actual contact of the soUd bodies — ^the resistance 
to motion followed laws far diflFerent from those before accepted. 
In this case, the friction depends upon the area of contact, 
and increases with the velocity; but is only sUghtly affected 
by intensity of pressure. For the maintenance of this condition 
of working, the lubricant must be freely and continually supplied, 
and must have a " body" or viscosity bearing some relation to the 
intensity of the bearing-pressure. A thick, sticky oil will carr}'' 
a far higher specific pressure, but with a correspondingly higher 
resistance, than will a more fluid lubricant: and it appears that a 
close adaptation of lubricant to pressure would tend toward a 
following of the older law. 

(6) Friction in Machines. — In most machines, the actual 
relation of friction to working-force lies somewhere between these 
extremes. To take a common case, the pressure between bearing 
and axle-journal under railroad cars varies from about 100 lbs. 
per sq. in. when empty to 400 lbs. when loaded; and it is found that 
the tractive resistance, on level track, is about 8 lbs. per 2000 lbs. 
of empty weight, about 4 lbs. per ton of total weight when loaded. 
The radius of the wheel is about seven times that of the journal: 
so that the resistances just given are equivalent to 56 lbs. and 28 lbs. 
per 2000 lbs. of normal pressure, or to a coefficient dropping from 
.028 for the light load to .014 for the heavy load. But while the 
ratio becomes smaller, this decrease is not fully complementary to 
the increase in load, so that the total resistance becomes greater, 
changing from 2.8 lbs. to 5.6 lbs. per sq. in. of bearing-surface. 

It is a pretty well established fact that in a well-made steam- 
engine the friction-load varies but little, if at all, with the useful 
load, or with the power developed by the engine. A number of 
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reasons can be given to account for this apparently anomalous 
action. With truly-formed surfaces of journals and bearings, of 
ample size and fully supplied with oil, the conditions are favorable 
to the existence of simple fluid friction, which is independent of 
the pressures acting. Further, the forces in the mechanism vary 
less widely than do the effective driving-forces which work against 
the load. The degree of tightness of the bearings, necessary to 
running without lost motion, combined with the capillary action 
of the oil, may give quite a high oil-pressure and initial resist- 
ance, without regard to external forces. If the bearings run at a 
higher temperature under heavier loads, the tendency to increased 
friction may be partly balanced by the greater fluidity of the oil. 
And some of the resistances, as those to the sliding of the piston 
and piston-rod, and to the movement of the valve, may be very 
little affected by the change of power. 

(c) Estimating the Friction of an Engine. — ^A fair idea of 
the probable frictional resistance in an engine, as far as determinable, 
may be got by using .02 to .06 as the coefficient of friction for the 
rod-pins and the bearings, and .08 for the cross-head, with the 
engine at about its rated power. Thus for the crank-pin of the 
engine which we have been using as our example, the pressures 
are given by Fig. 158, but not quite on a basis which fits them for 
direct application to this case. Approximately, disregarding the 
secondary effect of the swing of the connecting-rod, these forces 
are plotted on a base proportional to distance travelled by one 
rubbing-surface upon the other by laying them out on the developed 
crank-circle, in Fig. 165 — which is very similar to curves I. and 
II. on Fig. 162. 

Measuring the areas under these curves, and counting in the 
reversed pressures near the end of each half-revolution as if they 
were positive forces — because friction is not a matter of direction 
of pressure, but only of its intensity — ^we get the average force 
shown by the lines CD, EF: AC, equal to 44.9 lbs. per sq. in. of 
piston, is less than the M.E.P. of 48.5 lbs. : AE is almost the same. 

The crank-pin, 6'' or 6.5" in diameter in a center-crank engine 
of this size, will have a circumference of about 20^'. With an 
average pressure of 46.8 lbs. and with .04 as the coefficient of 
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friction, the tangential resistance at the surface of the pin will be 
1 .87 lbs. While this travels W, the M.E.P. on the piston required 
to overcome it will travel two strokes, or 30": so that the latter 
force will be two-thirds of 1.87, or 1.25 lbs. This would be 2.3 
per cent, of the total M.E.P. ; and if the total friction were known to 
require 10 per cent, of the M.E.P. to overcome it, then the crank-pin 
would be responsible for 23 per cent, of the friction of the engine. 
This method, while representing a pleasantly complete theory 
of the subject, is greatly diminished in practical value by uncer- 
tainty as to what coefficient of friction shall be used. Also, 
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Fig. 165. — Crank-pin Pressures on Distance-base. 



some of the resistances, notably the internal sliding frictions, are not 
determinable to any satisfactory degree. The actual procedure, 
in designing and building good engines, is to proportion the bearing- 
siufaces, after strength has been given due consideration, so as to 
produce specific pressures which experience has shown to be allow- 
able; then make them as true in form as practicable, and provide 
for free lubrication: and estimate the mechanical efficiency from 
the performance of other engines of the same sort and under the 
same conditions. 

(cO Mechanical Efficiency op Engines. — ^With small engines, 
and up to several hundred horse-power, the effective work delivered 
at the shaft can be measured by substituting a friction-brake, or 
absorption dynamometer, for the usual load. In many cases. 
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where the load is directly applied, it can be measured — as by the 
indicator in pumps and compressors, or by the readings of the 
electrical instruments when driving a generator. But usually 
some friction-effect besides that of the engine proper is included in 
this determination: and with the generator, the electrical loss is 
added to the friction. In many large engines, where the load is 
inseparable, it is not possible to measure the friction, even by the 
expedient of nuining the engine light (without external load) and 
taking what is called a " friction-card" with the indicator. 

The best method of representing the results of a mechanical 
efficiency-test is shown in Fig. 166. The base-line is the indicated 

M power, the ordinate the 
A effective power; and the 
^ latter is shown here by the 
line AA or AB. For com- 
,0 parison, the line of equal 
power, OM, is drawn at an 
angle of 45**; then the ver- 
tical distance between OM 
and AA or OM and AB 
shows the lost work, ex- 
pended upon friction. Of 
the two lines given, AA 
illustrates the case of con- 
stant friction resistance, 
irrespective of load; while 
AB shows an increasing loss, but not in full proportion to the 
power of the engine. 

The efficiency, got by dividing the ordinate of the load-line AA 
or AB by that of the power-line OM, is shown by the curves AC 
and AD, for the respective cases. And it appears that this ratio 
increases very rapidly at first, then tends toward constancy. 

In this diagram, work is measured in terms of the rated power 
as unity: in any actual test, horse-power in numerical expression 
would be used. But if the engine runs at varying speed — ^is not 
regulated by a governor, in other words — ^then this diagram should 
be made with working-force rather than work-rate: this force being 




Fio. 
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166. — ^Efficiency Diagram. 
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either M.E.P. on the piston, or mean turning-force on the crank,^ 
or tangential resistance at the rim of a wheel, as desired; and 
values from the indicator card and from the effective load being 
compared. 

As to the eflSciency realized in engines, it will be found to vary 
from 75 to 95 per cent., under a load that is a fair proportion of the 
rated power; with 90 per cent, as a good value to assume for high- 
grade engines. Data on this point will be presented and discussed 
in Part II., in connection with the thermodynamic performance 
of the engine; and a great deal of information on the subject of 
friction in general, as well as engine-friction in particular, will be 
found in any good handbook for mechanical engineers. 

§ 40. Counterbalancing. 

(a) Diagrams op Shaking-force. — ^Under the approximation 
of assimiing part of the mass of the connecting-rod to be concen- 
trated at the wrist-pin and the rest at the crank-pin, the moving 
masses which we have to consider in this connection, and their 
inertia-forces, are shown in Fig. 167. Here 

Afj =total reciprocating mass, including part of the rod. 

M, =mass at crank-pin, which may include, besides the rest of 
the rod, the crank-pin and the crank-arm or hub. 

Af, =mass of counterbalance, here taken at the radius OB, which 
is not necessarily the same as OC or ii. 



Fio. 167. — ^Accelerated Masses. 

Now Fi is a component of Fq, the ideal centrifugal force of M^ 
according to (222), or 



^i=i^o( 



cosa + j- cos 2a J 
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As to Fj and F,, their resultant F^=F^-F^ (see Fig. 105) is 
the free counterforee whose horizontal component partly balances 
Fj. This component is 

H=i^Jcosa. 



By subtraction, we get the horizontal shaking-force to be 

R 
Sb =(Fo-Fb) cos a +J- Fo cos 2a. . . . 



(276) 



A circular diagram which will give Sb for any crank-angle is 
derived from Fig. 128 by changing the radius of the circle to 
(Fq—F^) without changing the distance of points on the curve EjE, 
from the line GH. Thus, in Fig. 168 I., the diagram on AB is 




Fig. 168. — Shaking-force Components. 

drawn with Fq as radius, and gives F^; which would be identical 
with Sb if M^ were made equivalent to Afj, or F, equal to F, — 
that is, if the rotating masses on the crank were brought to a perfect 
balance. If F, were absent, F^ would be a negative quantity, and 
we should use the radius OAi=Fo-I-Fb: with this circle No. 1, 
the E-curve is stretched out vertically to EjEoEj. Diagram No. 2 
is drawn for Fb =i^o ^^^ ^^^ E-curve is now squeezed together. 
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The amount of counterweight necessary to bring the crank- 
disk, with its attached rotating mass (part of the connecting-rod), 
to a state of centrifugal balance about O is well called the dead 
<5ounterbalance: and the excess of F, over F^ is then the free 
■counter-force. 

Similar diagrams for the vertical shaking-force, 



/Sv=— FfiSina, 



(277) 



are given at II. and III. In the first, for no counterweight at all, 
the minus sign is neutralized by that of Fb, and the angle-scale has 
its zero-point A at the left, as usual: but where Fb has a positive 
value, we must measure a from the other dead-center in order to 
get Syr, in direction as well as intensity; by direct measurement from 
the figure. 




Fig. 169. — Shaking-force Curves. 

Diagrams on the developed crank-circle are given in Fig. 169. 

Here the first term of (276), (Fq—Fb) cos a, is laid off from the 

base PQP in one direction, in a simple sine-curve for each value 

R 
of (Fo~-^b); and the second term, j^Fq cos 2a, is measured from 

PQP in the opposite direction, in a sine-curve of half the principal 
period. Then Sa is given by the ordinate measured from this 
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E-curve to the particular AB-curve, as indicated by the arrow- 
heads. It is made apparent that with a high degree of balancing — 
with Fb a large fraction of Fq — ^the effect of the connecting-rod, aa 
shown by curve EoE, becomes of greater relative importance. 

(6) The Polar Diagram. — Using the exact determination of 
the rod-force, a good graphical representation of the combined 
inertia-effect of the moving masses is got by the method of Fig. 170. 




Fia. 170. — ^Exact Construction for Shaking-force. 

The forces are shown on I., and the manner of combination in II. 
Having F, determined on Fig. 152 and F^ by Fig. 128 or by Eq. 
(222), we combine them along either OCB or OAB in II., as con- 
venient; or it may be easier to transfer F, by means of its com- 
ponents, getting B by laying off OD and DB. In any case, the 
resultant OB is the shaking-force without any free counter-balance; 
and after BE has been laid off equal and parallel to F^, the final 
resultant is OE. 

In Fig. 171, this method is applied to our 14x15 engine, with 
Fio/A=27 lbs., F2o/A = l8 lbs., for the slide and the connecting- 
rod respectively, as in § 38 (c). The complete construction, just 
like OABE m Fig. 170 II., is shown at 30^. The radial rod-force 
F, was determined in the construction for Fig. 157; while Fi ia 
got from the usual circular diagram. Curve I. corresponds with 
diagram No. 1 on Fig. 168 I.; and its vector-ordinates are very 
nearly the same as the resultants of horizontal components from 
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this circle No. 1 and vertical components from Fig. 168 II. 
curve II. the same counterforce is used as for diagram No. 
Fig. 168 I. 



For 
2 of 




Fio. 171. — Polar Diagrams. 

(c) Division op the Rod-mass.* — Figs. 168 and 171 are drawn 
for the same fundamental force-values, with the purpose of com- 
paring the approximate and the exact method of determining the 
inertia-force of the rod. Inspection of Figs. 149 and 150, and 
especially the location of the E-points on Fig. 152, shows that for 
combination*with the other inertia-forces, more than half of the 
rod should be brought to the crank-pin. In the figures under dis- 
cussion, about five-eighths of the rod is at C, three-eighths at W: 
that is, with symbols having the same meaning as on Fig. 167, F^^ 
is 34 lbs. and Fjo is 11 lbs. Then for curve II. of Fig. 171, F, is 
28 lbs.; while the radii of the circles in Fig. 168 II. and III. are 
11 lbs. and 17 lbs. respectively. 

To compare the two methods, the abscissas of points on curve 
I., Fig. 171, or their distances from GH, are measured off from the 
corresponding crank-pin positions on the circle: and the resulting 
E-curve, drawn through their inner ends, is practically indistin- 
guishable from the same curve on Fig. 168 I. 
* See note on page 342. 
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It appears then that a good general rule for the division of the 
rod-mass is: 

To find turning-force and pin-pressures, put half the mass of 
the rod at each pin — as already stated in § 37 (6). 

To find shaking-effect, put five-eighths of the rod at the crank- 
pin, and add the rest to the slide-mass. 

(d) The Side-crank, Duplex Engine. — ^The preceding develop- 
ment of the subject of shaking-force is full and complete for the 
single center-crank engine, where the counterbalance on the two 
crank-disks is symmetrically placed, so that it can be represented 
by a single mass right in the plane of the crank. We will now 
extend the discussion to cover the case of a non-symmetrical 
balance and of two engines working on one shaft. 
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Fig. 172. — Inertia-force Outline of the Duplex Quarter-crank Engine. 

The mechanism of the double engine with cranks at right 
angles is outlined in Fig. 172: and we wish to determine first the 
combined effect of the two slide-inertias F^ and F„ and then to see 
how the action of the balance-weights is modified by the fact that 
they, are nearer the center-line MN than are the slides. It will be 
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noted that only the free or effective counterweight is here 
shown. 

The principle of the double effect of a non-central force — given 
in Fig. 103 II., and extended under Fig. 147 — ^is the foundation 
of this discussion. Viewing the plan of the engine, Fig. 172 II., 
we see that none of the forces under consideration acts upon the 
center of mass, which is on the line MN : then each of these forces, 
as F^f will have two tendencies; first, to give the center of the whole 
engine-mass a direct acceleration, as though the forces were along 
the line MN, or in the vertical central plane; second, to give an 
angular acceleration about this center, exerting the moment F^a. 

To get the combined shifting tendency of the slide-inertias, we 
simply consider the plane of the elevation. Fig. 172 I., to be the 
center-plane, imagining the two forces Fj and F, to be transferred 
or projected to the center-line MN. Then we have only to take 
their algebraic sum to get the total shifting, or direct-accelerating, 
force. 

Taking the right-hand as the principal or leading crank, whose 
angle determines the position of the mechanism, and considering 
the inertia-force positive toward the left, we have 

^i=^o(cosai+y- cos2aJ, (278) 

Fj^Fofcos (a,-90) + j- cos (2ai-180)1 

=Fofsinai-y- cos 2ai j (279) 

Adding these and dropping the subscript from a^, we get, for the 
total force, 

5H=Fo(cosa+8ma), (280) 

the two rod-effects neutraUzing each other. 

(e) Graphical Determination of Shifting-force. — Now 
just as the principal part of Fj and of Fj — respectively F^ cos a^ 
and Fq cos aj — ^is the horizontal component of an ideal radial force, 
so also is the sum of these two, Fo(cos a+sin a), the horizontal 
component of a single radial force, which force is the resultant of 
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the two FqS, This is proven in Fig. 173, where OCj and OCj are 
the respective FqB, and OC is their resultant: then DOCi ^ <^t ^iid 



Also 
wherefore 



ODi =Fo cos a, OD3 =Fo sin a; 
0Di=C3F=D,D: 



OD =Fo(cos a +sin a) =8^; 

and OD is the horizontal component of OC. This 00 is V2XFo 
or 1.414Fo, and the value of S is therefore 

Sa = 1.414Fo cos (a -45^) 



.... (281) 

The two counterf orces, shifted to the center-plane and represented 

by OBi and OB^ in Fig. 173 II. . 
can likewise be replaced by a 
single resultant OB, whose hori- 
zontal component OE will oppose 




^Q OD, while the vertical component 
EB will be a free shaking-force. 

The results of this investiga- 
tion are expressed in complete 

Fig. 173.-Combined Radial Effecte. graphical form by Fig. 174. The 

circle in I. is drawn with 1.414 
(Fo— i^B) as radius, Fb standing for either F, or F^ on Fig. 172. 
The zero of the angle-scale is located at the position which OC, 

" 11. 

c, 




^^ 




Ci 



Fio. 174. — Diagrams of Shifting-force. 
Fig. 173, will occupy when a for crank No. 1 is zero, or when OC, 
is on its zero dead-center: and to get Sn we locate the actual value 
of a on this angle-scale and measure over from the circle to GH. 
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In Fig. 174 II., the diminution of CX^Jj and OC, by CiJi and C2J2, 
each equal to Fb, is shown with the purpose of giving a clear idea 
of the size of the primary forces. Then the resultant OK is the 
radius in I.; while CK, the same as OB on Fig. 173 II., is used as 
radius in III. This second circle shows the vertical shaking-force 
5v in the same way that I. gives S^', its zero of angle being diamet- 
rically opposite to that in I. 

(/) Turning-effect op the Combined Inertias. — Referring to 
Fig. 172 II., we note that Fj and F^ both act at the end of the lever- 
arm a; &nd that when they point in the same absolute direction 
their moments oppose each other. The best way to combine them 
is to imagine Fj to be swung, at the end of its radius a, through 
180® about some point on MN, imtil it comes into the line of F^: 
then the algebraic sum of the two forces in this position — which 
is the same as their algebraic difference with F, in its actual direc- 
tion — is a resultant free force acting at the end of the radius a to 
give the engine an angular acceleration about a vertical axis through 
the center of mass. Calling this turning or twisting force Th, we 
have, without counterbalance, from (278) and (279), 

R 
Tb =F^-F^ =Fo(cos a -sin a) + 2y- F^ cos 2a, . (282) 

the two rod-effects acting together in this combination. 

In Fig. 175, the reversal of F^ in bringing it into the line of F^ 
is represented by the reversal of 
the Fo for the left side, from OC^ 
to OC,: then the major part of 
the force Th is the horizontal 
component of OC: for 

0D=0Di-DDi=0Di-D30 

=Fo(cos a — sin a). 

The two counterforces are com- 
bined in the same way at II., 
after reversing that for the left 
side, just as in Fig. 173 II.: 
except that a reduced value of F, and F^, or of Fb, must be used. 




Fig. 175.— Radial Twisting Effects. 
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That is, Fb at the radius b will be represented by a smaller force 
Fb' at the radius a, according to the equation 



F^b^F'^a, 



or 



n=^FB. 
a 



(283) 



This reduced force is laid oflf as OBj and OB, in II., b/a having the 
value 0.8. 




Fig. 176. — ^Diagrams of Twisting-force. 

In Fig. 176, diagrams like I. and III. of Fig. 174 are drawn 
together, about the same center. The radius of circle I. is the 
difference between OC and OB of Fig. 175, or it is their algebraic 
sum, having the value 

T,=lAu(F,-^-F^y, ..... (284) 

and the horizontal ordinate to GH shows what Th would be with 
infinite connecting-rod. Calling this T, its value is, as above, 



r=(Fo-^B)(cos a-sin a). 



(286) 



The radius of circle II. is 1.414 Fb, and its ordinate from AB 
is a free force which, acting at the end of the lever-arm a, tends 
to rock the engine on its foundation, or to give it a rotary oscilla- 
tion about the center-line MN of Fig. 172. 
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Diagram III. on Fig. 176 shows the double rod-effect, 



t=2j- F^coa2a. 



(286) 



It is an inertia-diagram of the usual sort: the radius, here F^y can 
really have any length that may be convenient, provided that the 
distances GE„ OEo, and HE, are each equal to 2nFo, where n 
stands for R/L. Intercepts between the E-curve and GH give 
values of t. 

(g) Developed Diagrams for the Duplex Engine. — ^The 
forces shown in Figs. 174 and 176 are represented in Fig. 177 by 
curves on the developed crank-circle, similar to those in Fig. 169. 




-Fig. 177.— Curves from Figs. 174 and 176. 

By combining all these curves on one base, we get a better idea of 
the magnitude of the force-actions, and especially of their relative 
periodicity: and where separate components of a force are given 
by the circular diagrams, as in I. and III. of Fig. 176, it is only by 
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drawing resultant curves that we can clearly see the manner of 
variation of the whole force. 

Curve I. shows the full shifting-force of the two slides, and 
would be got by using the whole radius OC from Fig. 173 for a 
circle like Fig. 174 I.; and II. shows the actual Sa, after this radius 
has been shortened by the resultant counterforce to the length 
used in Fig. 174 I. 

Similarly, III. shows the undiminished twisting force due to 
the two slides; while IV. is laid out from Fig. 176 I. Curve V. 
represents the rod-effect (, its ordinates being taken from Fig. 176 
III., and measured off in a direction opposite to that used for all 
the other curves, in order that the total twisting-force, Tu=T-\-t, 
may be given directly by the intercepts between IV. and V. 
Values of Sn and Tn are indicated by alternate force-ordinates; 
and the most noteworthy fact is the marked influence of the rod- 
effect in modifying the symmetrical, sinusoidal force-action shown 
by IV. 

The vertical actions are plotted from the lower* base-line, curve 
VI. from Fig. 174 III. to show Sv, VII. from Fig. 176 II. for Ty. 

(h) Determination of the Rod-effect. — ^The method of the 
radial resultant, developed from Fig. 172 and applied in the set of 
diagrams just discussed, is very useful and convenient when w6 
wish to determine the action of the shaking-forces in a complex 
engine. But to make it complete, we must have an equally simple 
and general way of getting the resultant of the several rod-effects. 
Of the inertia-force of the sliding mass, the component which is 
due to the rod-action has the value 

R 
/=y-FoCos2a=nFoCos2a: .... (287) 

and in Fig. 178 is evolved a simple graphical method of finding this 
/ for any crank-angle. 

In Fig. 178 I., Fg has the usual meaning, while /o is a similar 
ideal radial centrifugal force of the value /^=ni^o; so that (287) 
becomes 

/=/oCos2a (288) 

The form of this equation suggests at once that /, being a sine- 
function, can be shown by a circular diagram of the type that we 
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have been using right along for F=Fq cos a; but we see that the 
determining point on the circle, or the radius /o, will have to rotate 
twice as fast as the crank. The detailed illustration in I. should be 
self-explanatory, showing how /<, makes a complete rotation while 
Fq turns through 180°. At 0°, /o, which really lies along F^j 
is also shown a little to one side of F^, for clearness. The circle 



Fo^ 



^ ^n 




90** 




Fig. 178. — Circular Diagram of Rod-effect. 

in II. is drawn with /o, enlarged, as radius : and the use of the double 
angle-scale, going twice around the circle, is self-evident. When 
the crank is at any angle a, the end of /o is at the correspondingly 
nimibered point on the scale: and the distance to the vertical 
diameter is /. 

Applying this method to our first case of the complex engine, 
we represent in Fig. 179 I. the assumption that the cranks are 
together at the zero dead-center; under which condition all the 
ideal radial forces will point in the same direction. Now w^hen 
crank No. 2 is turned backward through 90° in order to realize the 
actual arrangement, /jq will turn twice as far as Fjo; ^^^ we see, 
in II., that the two rod-effects #^ 

will oppose each other as regards 
shifting tendency. But when we 
reverse F^a by the device of 
turning it bodily into the plane 






r,a<r 



I. 



-^20 



of i^io, we likewise reverse f^o', 
and then, as shown at III., the 
rod-effects combine. 

In comparison with the trigo- 
nometrical method of Eqs. (280) 
and (282), this has the advantage 
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179.— Rod-effect in the Quar- 
ter-crank Engine. 



of avoiding complicated formulas when the angles between the 



334 THE MECHANICS OF THE ENGINE. [Chap. VIL 

cranks are not quadrants; and it also obviates the need of inter- 
preting the direction-meaning of the algebraic sign of the angle- 
functions — which is likely to be mentally confusing. 

It must be clearly understood that these radial forces are only 
ideal, as are the F^s from which they are derived : and that only 
their components along the axis or stroke-line of the engine are 
actual forces. 

(i) Duplex Engine wtth Cranks Opposfte. — Considering 

now this second case of the engine with two cranks, we have the 

conditions as to shifting-force represented in Fig. 180 1. In rotating 

^^ Fjo through 180®, from the zero- 

ii^ T — ~q J ^^o position as shown in Fig. 179 I., 

I. \ y we turn f^o through 360°: then 

\._..^ the main eflfects are self-balanced, 

^Fb ^ . ^ ^ and only the double rod-effect is 

^^ "^ I * active in this respect. Reversing 

-> -i^o '^* F^, in II., we see that the two 



20> 



® slide-masses work together to 

Fio. .180-7??;^ ^y«'^,?Lo*'® produce angular shake; so that, 
Engine with Two Q-anks at 180°. ^ ^i_ i- j i 

imless the cylinders are so close 

together as to give this force T a very short lever-arm, counter- 
balancing cannot well be omitted. The rod-effects, however, 
neutralize each other in this action. 

(j) The Three-crank Engine.— The typical case of a three- 
cylinder triple-expansion engine, with cranks at intervals of 120°, 
is outlined in Fig. 181. Engines of this type are usually vertical, 
especially in marine service, where they are most common. To 
givt the problem its full complexity, the weights of the several 
slides are taken to be different: for while the external reciprocating 
parts are generally made alike, the weight of the piston will increase 
with its diameter. 

In Fig, 182 I., the three Fo's are combined after the manner of 
Fig. 173 I., to get then- total shifting-effect: the resultant of OC, 
and OCs is found to be OC^; and when this is combined with OCj 
the final resultant is OC5. If the original radial inertias had been 
equal, theu- resultant would be zero; and the engine would then be 
self-balanced against the main shifting-tendency. 
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The angular distances of OCj and OC, from the zero-position 
are indicated by the arrows on I.; doubling these angles in II., we 




I 

i i 

51 a 



Ci C3 

Fia. 181. — Outline of a Triple-expansion Marine Engine. 

get the arrangement of the radial /o's to be as there indicated by- 
numbers. Combining these three forces in a polygon, at III., 




Q, k V. 

FiQ. 182.— Radial Analysis of Fig. 181. 

the short resultant R is determined. With equal /o's, this jB would 
be zero: and we see that an entirely sjnmnetrical engine with this 
arrangement of cranks is completely self-balanced against shifting. 
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The middle slide, No. 2, exerts no turning-effect, since its line 
of motion goes through the center of mass of the engine. Bringing 
F30 into the plane of Fjo, we combine OCj and OC3 reversed in Fig. 
182 IV., and get OC4 as the radial resultant. Similarly, reversing 
/3Q and combining it with /jo at V., we determine the radial force jB 
for the twisting-effect due to the combined rod-actions. 

In Fig. 181, the ratio of rod to crank is 4, the rod being usually 
shorter in marine than in stationary engines. This increases the 
amount of the rod-effects; but the latter are exaggerated in Fig. 
182 III. and V., where the forces are laid out double the true size 
as shown in II. 

Having the four resultants, OC5 in I., OC4 in IV., Rm and Rx, 
we can draw circular diagrams like Figs. 173 and 175 and Fig. 178 
II., and from these plot curves as in Fig. 177 to get total effects 
in each action. Introducing equal counterbalances will change 
OCfi in I., and will materially shorten OC4 in II. An investigation 
into the effect of any particular arrangement or proportions of the 
balance-weights can be made very easily by this radial method. 
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FiQ. 183. — Skeleton of a Four-crank Engine. 

(fc) When the Engine has Four Cranks, it is most sym« 
metrical to have them spaced at quadrant-intervals around the 
circle. In the matter of sequence along the axis, two arrangements 
are shown in Fig. 183: at A and in the main view, any pair of 
successive cranks is quartered; while in B the outside pairs are 
opposite, with Nos. 2 and 3 at 90^. 

Radial determinations for the first case are made in Fig. 184. 
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In I. the four FqS are laid out, and it appears that the principal 
shifting tendencies are self-balanced — which is true, further, no 
matter what the order of sequence. The rod-effects, shown at II. 
and located after the manner of Figs. 179 and 180, also have a 
zero resultant. 

To get the turning or tipping effect — in this case tending to 
give the engine a fore-and-aft oscillation in a vertical plane — we 



\^ 
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73 2 3 

Fig. 184. — Diagrams for Case A, 



reduce or reverse all the forces into the stroke-line of slide No. 1: 
then 2 and 3, having a lever-arm equal to only one-third of a, will 
be represented by forces of one-third their actual length. The com- 
bination b shown at III., and the resultant has the value 



OT = 1.414X|Fo = 1.885Fo, 



(289) 



Reversing f^ and f^^ from II., and using one-third of f^ and f^, 
we get the combined rod-effect to be as in IV., with the resultant ' 
equal to four-thirds of /q. 

The second arrangement. Fig. 185, gives a better action. As 
before, the engine is completely self-balanced against shifting. 
The principal radial turning-force, OT in III., is only half as great 
as in Case A; but the rod-effects are now all in the same direc- 
tion, and their resultant is eight-thirds of /q. 

Case C, not shown, would have the cranks in the order 1, 2, 4, 3; 
or the outer pairs quartered, the middle one at 180®. This will 
give a principal turning resultant the same as OT in Fig. 184: 
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but the resultant rod-effect is zero for turning as well as for shifting. 
This arrangement is better than A, but not quite so good as B. 

The vertical or axial components of OT and of jB on Fig. 185 are 
plotted on Fig. 186, in curves I. and II., with the rod-effect reversed 
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FiQ. 185. — Diagrams for Case B. 

In direction, as on Fig. 177, so that the total force is given by the 
ordinate intercepted between II. and I. This resultant is then laid 
off from the base-line, or its diagram rectified, and we have the 
shaking-effect represented by curve III. 




Fig. 186.— Curves for Case B. 

It will be noted that curves I. and II. in this figure are related 
as to period just like IV. and V. on Fig. 177: but with the rod-effect 
of greater relative magnitude, we have two small extra phases of 
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force variation, here in the third quadrant. On this figure, the 
lines CD and EF are drawn at the distance F^ from ABA. Com- 
paring the other two crank-arrangements, we see that Case C 
would give a curve like I., but with its ordinates twice as great; 
while Case A would have this same double-size curve for the main 
effect, combined with a rod-effect curve of half the amplitude of II. 

(0 Complex Engine with two Stroke-lines. — ^Engines are 
sometimes built with two or three cylinders disposed radially 
around the shaft, and all acting 
upon one crank. As to turn- 
ing-force upon the crank, this 
is equivalent to a common 
engine with two or three cranks. 
The balancing of the most 
important example of this type 
is as shown in Fig. 187: and it 
appears from the diagram at 
II. that a counterforce F^ 
equal to F^ will completely 
balance the principal part of 
the two slide-inertias, leaving 
only the rod-effects free. This 
^ves about the most perfect 
balancing attainable in a recip- 
rocating engine: and it seems 
strange that an engine on this principle, with two pairs of cylinders 
working on quartered cranks, has not been extensively used in 
torpe(lo-lx)ats, where vibration from the engine has caused the 
greatest trouble. 

(m) Effects of the Shaking-force. — It is far easier to deter- 
mine the unbalanced inertia-force of the moving-parts of an engine 
than to predict what effect this force will have in producing unde- 
sired motion of the machine as a whole: in fact, an answer to this 
latter question can be given only in general terms. 

If the engine were supported in such a way that it could move 
freely in any direction, then the recoil of the moving-parts would 
give to it a motion similar to that of these internally-moving bodies, 
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but smaller in the inverse ratio of the masses. Thus if an engine 
weighed 10,000 lbs. and the unbalanced portion of the reciprocating- 
parts 400 lbs., the whole machine would have a reciprocating move- 
ment one-fiftieth of the stroke in length. 

This tendency to motion is resisted by the foundation; or, in 
other words, the amplitude of the movement is diminished by 
greatly increasing the '' fixed " mass. With earth-borne foundations 
the shaking-effect may be a mere tremor, which only the delicate 
instruments used in earthquake observations would detect — a 
great deal depending upon the character and structure of the earth 
or rock upon which the foundation rests. 

With a more elastic support, as in a ship or, occasionally, on 
the floor of a building, a large part of the structure will take up the 
motion of the engine-bed, and the highest attainable degree of 
internal balancing becomes desirable. The worst disturbance is 
produced when the period of variation of the shaking-force coin- 
cides with that of the elastic vibration of the structure. The 
latter is something that can be found only by trial. 

In the preceding discussion of the combined effects in a com- 
plex engine, it is assumed that the engine is so compact and rigid 
that the several forces can be truly represented, as to their external 
effect, by a single resultant. Where the several parts are con- 
nected only by the foundations, as in many stationary engines of 
the ** spread-out*' type of construction, the separate force-actions 
in the respective single engines are of greater interest than the 
combined effect. But engines in which the inertia-forces are large 
— high-speed engines of any class — ^are usually of the close-con- 
structed, self-contained type. 

To show the perfection of balance in a high-speed engine, it is 
sometimes run on exhibition without being bolted down, or even 
resting on smooth blocks. Stability under such conditions depends 
simply on the answer to the question whether the greatest shak- 
ing-force is less than the frictional resistance to movement on the 
support. 

(n) The Counterweight. — ^The construction and the methods 
of attachment of the balance-weights will be described in the next 
chapter. But at this point it seems well again to call attention to 



5 40 (n)] COUNTERBALANCING. 341 

the fact, as best shown by Eq. (226), that the centrifugal force- 
value of any mass varies directly as its radius: so that for a given 
force, the mass is inversely as the radius. The problem of securing 
a certain relation of the forces acting from the shaft-center is 
equivalent to that of getting a certain gravity-balance of weights 
hung on the horizontal crank-line. And a mechanical method of 
adjusting the balance in locomotive driving-wheels, sometimes 
used, consists in hanging on the crank-pin a weight equal to the 
fraction of the reciprocating-parts that is to be balanced, and then 
putting into the counterweight enough lead to give equilibrium 
about the center-line of the axle. Usually, however, the dimensions 
of the counterbalance are determined in the drafting-room, when 
the engine is designed; choice being made, as convenient, between 
a large weight at a short radius or a small weight at a longer radius. 
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Supplement to Art. (c), Page 325. 

((/) Division of Rod-mass. — A very simple deduction of the 
proper division of the rod-mass for concentration at the pin- 
centers, when the total inertia-force of the rod is to be represented^ 
is illustrated by Fig. 187a. This diagram is the same in its terms 
as Figs. 149 II. and 151, OC being the total ideal 
radial inertia or the F, for the rod, and CW 
the acceleration image. The center of gravity 
or of mass is represented by G' on CO and by G 
on CW, OG being the true inertia-force of the 
whole mass. 

If now this mass is concentrated at the pins 
in such proportion that the center G remains 

^^ Q unchanged, it will be divided in the ratio of 

Fio. 187a. OG' to G'C, the larger part going to the crank- 

pin C, the smaller part to the wrist-pin W. The 
mass at C will then have OG' as its actual centrifugal force; that 
at W will have G'C as its ideal radial and G'G as its actual inertia; 
and the resultant of OG' and G'G will be OG, already known as 
the total rod-force. 

The division described at the beginning of the last paragraph 
is the same as would be got by weighing the two ends on knife- 
edges at or under the pin-centers. We have here a very simple 
and direct relation, as contrasted with that deduced by trial in 
§ 37 (/) when the effect of rod-inertia upon turning-force is con- 
sidered. For the latter case an attempt to get exact mathematical 
relations would lead to very complicated formulas. 
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TABLE I. 

CONSTANTS FOR THE CURVE pr-C. 

References, § 7 (c), Fig. 18; § 17, Fig. 29. 

Col. 1. r = ratio of expansion =V2/vi = Pi/p2 in Fig. 18. 

Col. 2. 1/r = fraction of cut-off =Vi/i;3 in Fig. 29. 

Col. 3. loge r=hyperbolic logarithm of r= 2.3026 times conmion 

log. 
Col. 4. This gives the ratio of the mean (total) pressure to 

the initial pressin-e in a diagram like Fig. 29: see Eq. (88). 
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Table I. Constants for the Curve pv=C — Continued. 
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TABLE n. 
CONSTANTS FOR THE CURVE pif»-C. 

See § 7 (/) for ^^^ application of this Table; also § 10 (t) and 
§ 13 (h), (f), for the particular curves represented. 

For the columns marked "Exp.", Col. 1 gives a set of assumed 
ratios of the increasing volume v to the initial voliune v^; then the 
Table gives values of the factor a in 



p=ap, 



-(?)■ 



For the colunms marked "Comp.", Col. 1 shows ratios of the 
increasing pressure p to the initial pressure Pi; and the Table 
gives values of a in 



The use of the Table is illustrated in Fig. 19. 
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Table II. Constants for the Curve jyv^^C. 
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TABLE in. 
CONSTANTS FOR HEATED WATER. 

For any temperature < in ® F. are given : 

p= corresponding absolute pressure of steam-formation; 
D = weight of one cubic foot of water; 
t/?= volume of one pound of water. 

Here p is taken from the Steam-table; 

D is found by an approximate formula given by Rankine, 

2Do . 



Z)= 



T 500' 
500"*" T 



where D© is the weight at the temperature of maximum density, 
40T., and is 62.425; and T is the absolute temperature, (+460. 
This formula is not exact for high temperatin-es; but since the 
quantities which it determines are of relatively insignificant magni- 
tude, it is quite good enough for all practical purposes. 

w is the reciprocal of D. 
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Table III. Constants for Heated Water. 



Temper- 


Vapor 


Weight 


Volume 
of 1 Lb., 
Cu. Ft. 


Temper- 


Vapor 


Weight 


Volume 
of 1 Lb., 
Cu.Ft. 


ature, 


Preaure, 


per Cubic 


ature, 


Pressure, 


per Cubic 


Fabren- 
heii. 


Lbe.per 
Sq-XnT 


Foot. 
IJtm, 


Fahren- 
heit. 


Lbi!.Der 
Sq-lT 


Foot, 
Lbe. 


t 


P 


D 


w 


t 


P 


D 


w 


40 


.12 


62.43 


.01602 


310 


77.9 


67.03 


.01754 


60 


.18 


.41 


02 


20 


90.0 


56.72 


63 










30 


103.5 


.41 


73 


60 


.26 


62.37 


.01603 


40 


118.4 


.10 


82 


70 


.36 


.31 


05 


350 


135.1 


65.79 


92 


80 


.51 


.23 


07 










90 


.69 


.13 


09 


360 


163.6 


65.49 


.01802 


100 


.94 


.02 


12 


70 


173.9 


.18 


12 










80 


196.3 


W.87 


22 


110 


1.27 


61.87 


.01616 


90 


221 


.56 


33 


20 


1.68 


.72 


20 


400 


248 


.25 


43 


30 


2.21 


.66 


25 










40 


2.88 


.38 


30 


410 


277 


63.94 


.01864 


150 


3.71 


.19 


35 


20 


309 


.62 


66 










30 


343 


.31 


76 


160 


4.73 


60.99 


.01640 


40 


381 


.00 


87 


70 


5.98 


.78 


45 


450 


442 


52.69 


98 


80 


7.46 


.55 


51 










90 


9.43 


.32 


57 


460 


466 


52.38 


.01909 


200 


11.52 


.08 


64 


70 


612 


51.07 


20 










80 


663 


.76 


32 


210 


14.1 


59.83 


.01671 


90 


618 


.46 


43 


20 


17.2 


.58 


78 


500 


676 


.16 


55 


30 


20.8 


.32 


86 










40 


25.0 


.05 


94 


610 


737 


50.84 


.01967 


250 


29.9 


58.77 


.01702 


20 


803 


.54 


79 










30 


873 


.24 


91 


260 


35.6 


58.49 


.01710 


40 


947 


49.94 


.02003 


70 


42.0 


.21 


18 


650 


1025 


.64 


14 


80 


49.3 


57.92 


27 










90 


57.7 


.53 


36 










300 


67.2 


.33 


45 
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TABLE IV. 
PROPERTIES OF SATURATED STEAM. 

For the derivation and relations of the quantities in C!olunms 1 
to 8, see §§ 9 and 10; for Cols. 9 and 10, see § 13. 

Notes. — ^This Table is taken from the same feources as that 
given in Kent's Mechanical Engineer's Pocket-book. From 1 lb. 
pressure up to 220 lbs., the table of Professor Dwelshauvers-Dery, 
printed in Vol. XI., Trans. A. S. M. E., is used; above 220 lbs., the 
values given are taken from, or based upon, the upper part of 
Buel's table. 

Dery's table is based on Regnault's formulas and Zeuner's 
methods ; Buel's is founded chiefly on Rankine's work. 

Regnault's formula for p in terms of < is of the general form 

log p = a+ 6m*+ cn^, 

where a, 6, c, m, and n are determined constants, with one set of 
values for the range from 0^ C. to 100° C, another set for 100° to 
200° C. ; and x is i or a simple function of t. 
Rankine's formula is 

iogp=A-Y''f2' 

That the two tables are in this respect, however, derived from 
the same source, appears from the following comparison: 

p= 100 150 200 220 lbs. abs. 

Dery, ^=327.57 358.16 381.57 389.66 °F. 

Buel, i = 327.63 358.22 381.64 389.74 °F. 

The values given by Buel are used above 220 without change. 

The three heat-quantities q, H, and r are found by Regnault's 
formulas, Eqs. (57) and (58) in § 10, and by Eq. (47) : this involves 
the substitution of newly computed values of q and r for those of 
Buel, above 220 lbs. 
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The volume-increase during expansion, u, is found by the 
rational formula 

r (ft 
^' AT dp' 
which is the one referred to in § 10 (a). Dery's values were worked 
out with the old value of A, 1/772; changing to 778, we increase 
u (or 8) in the ratio of 778 to 772, or by the fraction 6/772= .00777 
of itself. Similarly, d is decreased in the ratio of 772 to 778, or 
by the fraction 6/778 =.00771. With these corrections, Dery's 
values are used up to 220 lbs. 

Since the density d varies as l/s, and the product pa is not far 
from constant, d varies nearly as p: inspection of the Table will 
show that the diflFerence between successive values of d decreases 
very slowly as the pressure rises. Above 220 lbs., d and s are here 
gotten by continuing the law of variation of d, and then deriving 
8 from d. 

These volume-fimctions are less definitely determined than 
the heat-quantities, the various authorities showing quite appre- 
ciable differences. 

The external work of vaporization, APu, can be taken directly 
from Dery's table, the change made in u being compensated by the 
use of 778 instead of 772 in A: but above 220 lbs. newly com- 
puted values are given. 

Then I is found by subtraction from r. 

The two entropies, a and 6, calculated by the writer, are ex- 
plained in § 13. 

As to the d^ree of nimierical accuracy, it may be remarked 
that the quantities in Cols. 1 to 8 are all carried to one more decimal 
place than is of any practical significance when the Table is to be 
used in connection with any actual tests or experiments. But 
there are computations to be made in some lines of theoretical inves- 
tigation where results depend upon small differences between 
large quantities, and where an even greater accuracy of expression 
— or, it might be better to say, a more accurate spacing of the tab- 
ular values — would be desirable. Some annoying minor discrepan- 
cies are likely to be encountered in using the Table as here given, but 
they could not be eliminated without a re-working of the whole 
mass of numerical matter. 
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1 


2 


3 


4 


5 


Absolute 




Heat in the 
Water above 
32*. B.T.U. 


Total Heat 




External 


Pressure, 


Temperature, 


in the Steam 


Total Latent 


Work of 


Lbs. per 
8q. In. 


Fahrenheit. 


above 32*». 
B.T.U. 


Heat, B.T.U. 


Evaporation, 
BT.U. 


P 


t 


9 


H 


r 


APu 


1 


102.00 


70.09 


1113.05 


1042.96 


62.34 


2 


126.27 


94.44 


20.45 


26.01 


4.62 


3 


141.62 


109.88 


25.13 


16.25 


6.01 


4 


153.07 


121.40 


28.63 


07.23 


7.06 


6 


162.33 


130.72 


31.45 


00.73 


7.89 


6 


170.12 


138.58 


1133.83 


996.25 


68.68 


7 


6.91 


145.43 


5.90 


0.47 


9.18 


8 


182.91 


151.48 


7.73 


986.26 


9.71 


9 


8.32 


6.94 


9.38 


2.44 


70.18 


10 


193.24 


161.92 


1140.88 


978.96 


0.61 


11 


197.77 


166.50 


1142.26 


976.76 


70.99 


12 


201.96 


170.74 


3.54 


2.80 


1.34 


13 


5.86 


4.68 


4.73 


0.06 


1.68 


14 


9.55 


8.43 


5.86 


967.43 


2.00 


14.7 


212. OQ 


180.90 


1146.60 


966.70 


72.20 


15 


213.03 


181.94 


1146.91 


964.97 


72.29 


16 


216.30 


185.25 


1147.91 


962.66 


72.67 


17 


9.41 


8.41 


8.86 


0.46 


2-. 82 


18 


222.38 


191.42 


9.76 


968.34 


3.07 


19 


5.20 


4.29 


1150.63 


6.34 


3.30 


20 


7.92 


7.03 


1.45 


4.42 


3.63 


21 


230.52 


199.68 


1152.25 


962.57 


73.74 


2 


3.02 


202.22 


3.01 


0.79 


.94 


3 


5.43 


4.67 


3.74 


949.07 


74.13 


4 


7.75 


7.03 


4.45 


7.42 


.32 


25 


240.00 


9.31 


5.14 


6.83 


.51 


26 


242.18 


211.52 


1165.80 


944.28 


74.69 


7 


4.28 


3.67 


6.45 


2.78 


.85 


8 


6.33 


5.75 


.7.07 


1.32 


75.01 


9 


8.31 


7.76 


7.67 


939.91 


.17 


30 


250.25 


9.73 


8.26 


8.63 


.33 


31 


252.12 


221.65 


1168.84 


937.19 


76.47 


2 


3.95 


3.51 


9.39 


6.88 


.61 


3 


5.74 


5.33 


9.94 


4.61 


.76 


4 


7.48 


7.10 


1160.47 


3.37 


.89 


36 


9.18 


8.84 


0.99 


2.16 


76.02 



STEAM TABLE. 



353 



Saturated Steam. 



6 


7 


8 


9 


10 




Innv 
Latent 

Heat. 
B.T.U. 


Volume of 
ILb.of 
Steam, 
Cu.Ft. 


Weight of 
1 Cu. Ft. of 


Entropy of 

the Water, 

B.T.U.+o*. 


Entropy of 
B.T.U.+«»F.* 


Abeolute 

Preesure, 

y)8.per 

Sq. In. 


I 


« 


d 


a 


b 


P 


980.62 


336.9 


.00297 


.13322 


1.8558 


1 


61.39 


174.6 


573 


.17561 


1.7500 


2 


49.24 


118.9 


841 


.20157 


1.6876 


3 


40.17 


90.6 


.01104 


.22054 


1.6414 


4 


32.84 


73.34 


363 


.23565 


1.6080 


5 


926.67 


61.77 


.01619 


.24818 


1.5795 


6 


1.29 


53.42 


872 


5895 


551 


7 


916.54 


47.08 


.02124 


6846 


340 


8 


2.26 


42.15 


373 


7695 


153 


9 


908.35 


38.14 


621 


8457 


1.4986 


10 


904.78 


34.88 


.02867 


.29155 


1.4836 


11 


1.46 


32.14 


.03112 


9797 


696 


12 


898.37 


29.81 


355 


.30392 


567 


13 


5.43 


27.80 


597 


0954 


449 


14 


893.50 


26.56 


.03765 


.31322 


1.4370 


14.7 


892.68 


26.07 


.03838 


.31479 


1.4339 


15 


890.09 


24.52 


.04078 


.31969 


1.4234 


16 


887.63 


3.16 


318 


2433 


137 


17 


5.27 


1.95 


557 


2876 


044 


18 


3.04 


0.87 


794 


3296 


1.3956 


19 


0.90 


19.88 


.05031 


3696 


874 


20 


878.83 


18.987 


.05267 


.34077 


1.3796 


21 


6.85 


8.174 


502 


443 


720 


2 


4.94 


7.429 


737 


796 


648 


3 


3.10 


6.743 


972 


.35137 


578 


4 


1.32 


6.116 


.06205 


466 


511 


25 


869.60 


15.535 


.06437 


.35777 


1.3448 


26 


7.93 


' 14.994 


669 


.36084 


386 


7 


6.31 


.490 


901 


380 


327 . 


8 


4.74 


.020 


.07133 


666 


270 


9 


3.22 


13.582 


363 


943 


214 


30 


861.72 


13.170 


.07593 


.37212 


1.3160 


31 


0.27 


12.783 


823 


473 


108 


2 


858.86 


.419 


.08052 


727 


0,58 


3 


7.48 


.075 


282 


975 


009 


4 


6.13 


11.751 


510 


.38217 


1.2962 


35 
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V 


1 


9 


H 


r 


APu 


36 


260.84 


230.52 


1161.49 


930.97 


76.16 


7 


2.46 


2.18 


1.99 


929.81 


.28 


8 


4.05 


3.80 


2.47 


8.67 


.40 


9 


5.60 


5.39 


2.95 


7.56 


.62 


40 


7.12 


6.94 


3.41 


6.47 


.64 


41 


268.61 


238.46 


1163.87 


925.41 


76.75 


2 


270.07 


9.95 


4.31 


4.36 


.86 


3 


1.51 


241.42 


4.75 


3.33 


.97 


4 


2.92 


2.86 


5.18 


2.32 


77.07 


45 


4.30 


4.27 


5.60 


1.33 


.18 


46 


275.65 


245.65 


1166.01 


920.36 


77.29 


7 


6.99 


7.01 


6.42 


919.41 


.39 


8 


8.30 


8.35 


6.82 


8.47 


.49 


9 


9.59 


9.67 


7.21 


7.54 


.58 


50 


280.85 


250.97 


7.60 


6.63 


.67 


51 


282.10 


252.24 


1167.98 


915.74 


77.76 


2 


3.33 


3.49 


8.35 


4.86 


.85 


3 


4.53 


4.73 


8.72 


3.99 


.94 


4 


5.72 


5.96 


9.09 


3.13 


78.03 


55 


6.90 


7.15 


9.44 


2.29 


.12 


56 


288.06 


258.34 


1169.80 


911.46 


78.21 


7 


9.20 


9.50 


1170.14 


0.64 


.29 


8 


290.32 


260.66 


0.49 


909.83 


.37 


9 


1.43 


1.79 


0.82 


9.03 


.45 


60 


2.52 


2.91 


1.16 


8.25 


.53 


61 


293.60 


264.02 


1171.49 


907.47 


78.61 


2 


4.66 


5.11 


1.81 


6.70 


.68 


3 


5.71 


6.18 


2.13 


5.95 


.76 


4 


6.75 


7.25 


2.45 


5.20 


.83 


65 


7.78 


8.30 


2.76 


4.46 


.90 


66 


298.79 


269.34 


1173.07 


903.73 


78.97 


7 


9.79 


270.37 


3.38 


3.01 


79.04 


8 


300.78 


1.38 


3.68 


2.30* 


.11 


9 


1.75 


2.38 


3.97 


1.59 


.18 


70 


2.72 


3.37 


4.27 


0.90 


.26 


71 


303.67 


274.35 


1174.56 


900.21 


79.32 


2 


4.62 


5.32 


4.85 


899.53 


.39 


3 


5.55 


6.28 


5.13 


8.85 


.46 


4 


6.47 


7.22 


5.41 


8.19 


.63 


75 


7.39 


8.16 


5.69 


7.53 


.59 


76 


308.29 


279.09 


1175.97 


896.88 


79.66 


7 


9.18 


280.01 


6.24 


6.23 


.71 


8 


310.07 


0.92 


6.51 


6.59 


.77 


9 


0.95 


1.82 


6.78 


4.96 


.83 


80 


1.81 


2.71 


7.04 


4.33 


.89 
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Saturated Steam — Continued. 



I 


« 


d 


a 


6 


P 


854.81 


11.446 


.08738 


.38553 


1.2916 


36 


3.53 


.156 


965 


683 


870 


7, 


2.27 


10.879 


.09193 


907 


826 


8' 


1.04 


.616 


420 


.39124 


784 


9 


849.84 


.367 


646 


335 


743 


40 


848.66 


10.130 


.09872 


.39543 


1.2702 


41 


7.50 


9.902 


.10099 


748 


661 


2 


6.36 


.687 


324 


949 


622 


3 


5.25 


.480 


549 


.40146 


584 


4 


4.15 


.283 


773 


338 


547 


46 


843.07 


9.093 


.10998 


.40527 


1.2611 


46 


2.02 


8.911 


.11222 


712 


475 


7 


0.98 


.737 


446 


894 


440 


8 


839.96 


.570 


669 


.41071 


406 


9 


8.96 


.409 


892 


244 


373 


60 


837.98 


8.254 


.12116 


.41416 


1.2340 


61 


7.01 


.105 


338 


587 


308 


2 


6.05 


7.961 


561 


754 


276 


3 


5.10 


.823 


783 


918 


245 


4 


4.18 


.690 


.13004 


.42078 


214 


65 


833.25 


7.561 


.13225 


.42236 


1.2184 


66 


2.35 


.437 


447 


392 


155 


7 


1.46 


.316 


668 


546 


126 


8 


0.58 


.200 


889 


697 


097 


9 


829.72 


.087 


.14109 


845 


069 


60 


828.86 


6.979 


.14330 


.42992 


1.2042 


61 


8.02 


.873 


550 


.43138 


015 


2 


7.19 


.770 


770 


281 


1.1988 


3 


6.37 


.671 


991 


421 


962 


4 


5.56 


.574 


.15211 


560 


936 


65 


824.76 


6.481 


.15431 


.43697 


1.1910 


66 


3.97 


.390 


650 


832 


885 


7 


3.19 


.302 


869 


966 


860 


8 


2.41 


.216 


.16087 


.44099 


836 


9 


1.65 


.133 


305 


230 


812 


70 


820.89 


6.052 


.16524 


.44359 


1.1788 


71 


0.14 


5.973 


741 


485 


764 


2 


819.40 


.897 


958 


610 


741 


3 


8.66 


.822 


.17175 


733 


718 


4 


7.94 


.750 


393 


855 


696 


75 


817.23 


6.679 


.17610 


.44976 


1.1674 


76 


6.52 


.609 


827 


.45096 


652 


7 


5.82 


.542 


.18045 


214 


630 


8 


5.13 


.476 


262 


331 


608 


9 


4.45 


.411 


479 


446 


587 


80 
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p 


< 


Q 


H 


r 


AFu 


81 


312.67 


283.59 


1177.30 


893.71 


79.95 


2 


3.52 


4.46 


7.56 


3.10 


80.01 


3 


4.36 


5.33 


7.82 


2.49 


. 07 


4 


5.20 


6.19 


8.07 


1.88 


.13 


85 


6.02 


7.04 


8.33 


1.29 


.19 


86 


316.84 


287.89 


1178.58 


890.69 


80.25 


7 


7.65 


8.71 


8.82 


0.11 


.30 


8 


8.45 


9.54 


9.07 


889.53 


.35 


9 


9.25 


290.36 


9.31 


8.95 


.40 


90 


320.04 


1.17 


9.55 


8.38 


.45 


91 


320.82 


291.98 


1179.79 


887.81 


80.50 


2 


1.60 


2.78 


1180.03 


7.25 


.56 


3 


2.37 


3.57 


0.26 


6.69 


.61 


4 


3.13 


4.35 


0.49 


6.14 


.66 


95 


3.88 


5.13 


0.72 


6.59 


.71 


96 


324.63 


295.91 


1180.95 


885.04 


80.76 


7 


5.38 


6.67 


1.18 


4.51 


.81 


8 


6.11 


7.44 


1.41 


3.97 


.86 


9 


6.85 


8.19 


1.63 


3.44 


.91 


100 


7.57 


8.94 


1.85 


2.91 


.95 


101 


328.29 


299.68 


1182.07 


882.39 


81.00 


2 


9.01 


300.42 


2.29 


1.87 


.05 


3 


9.71 


1.14 


2.50 


1.36 


.10 


4 


330.42 


1.87 


2.72 


0.85 


.14 


105 


1.11 


2.59 


2.93 


0.34 


.18 


106 


331.81 


303.30 


1183.14 


879.84 


81.23 


7 


2.49 


4.01 


3.35 


9.34 


.27 


8 


3.17 


4.72 


3.56 


8.84 


.31 


9 


3.85 


5.42 


3.77 


8.35 


.36 


110 


4.52 


6.10 


3.97 


7.87 


.41 


111 


335.19 


306.79 


1184.17 


877.38 


81.45 


2 


5.85 


7.48 


4.38 


6.90 


.50 


3 


6.51 


8.16 


4.58 


6.42 
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.45 
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TABLE V. 

CONOTANTS FOR THE STEAM-CYCLE WITH ADIABATIC 
EXPAXSIOX. 

See § 24 (c) for fllustration and explanation. 

For a cycle under the conditions of the ideal heat-engine, or 
for adiabatic expansion in a steam-jet, from the pressure p^ at the 
top of any colunm to any pressure pi at the side, the quantities 
given in this table are as follows: 

E is the total heat-energy transformed into the mechanical 
form in C>'cle B, Fig. 26 or Fig. 45, by one poimd of steam saturated 
and dr>' at the beginning of the adiabatic expansion: this corre- 
sponds with AU' in Tables 16 A and 16 B. 

Ej is the similar effective performance of the Camot cycle, 
Fig. 25, like AU in Tables 16 A and 16 B. 

Ef, is the energy of the adiabatic expansion of hot water initially 
at Pi, equal to E — E^, 

X2 is the fraction of steam in the mixture at the end of adiabatic 
expansion from p^ to ft, when the initial steam-quality was 1.00; 
(1—0:2) measuring the condensation. 

Xjo is a similar measure of the effect of expanding hot water 
adiabatically, and shows the amoimt of evaporation resulting 
from this process. 

V2 and V20 are the specific steam-volumes at the end of expansion, 
determined by x, and x^. 
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Table V. Adiabatic Table for Saturated Steam. 



Pi" 


250 


220 


195 


170 


150 


1 
135 120 


P« 


E 


10.90 












• 


•1 


1; 


10.78 
.12 














220 


E 

1; 


.9912 

.0139 

2.075 

.047 

21.06 

20.66 

.40 


10.22 

10.08 

.14 












195 


^2 

E 

k 


.9830 

.0262 

2.306 

.079 

32.34 
' 31.53 
1 .81 


.9917 

.0125 

2.326 

.047 

21.63 
21.19 

.44 


11.50 

11.36 

.14 










170 


^2 


.9741 

.0392 

2.600 

.122 


.9825 

.0259 

2.622 

.087 


.9907 

.0137 

2.644 

.054 












E 


42.55 


31.93 


21.86 


10.45 










Ey 


i 41.17 


31.05 


21.43 


10.32 










e\ 


1 1.38 


.88 


.43 


.13 








150 


^2 


.9661 


.9743 


.9823 


.9915 










^» 


.0514 


.0374 


.0254 


.0120 










^'2 


2.899 


2.924 


2.948 


2.975 










i':o 


1 .171 


.129 


.094 


.054 










E 


50.96 


40.42 


30.43 


19.13 


8.75 








K, 


1 49.07 


39.14 


29.69 


18.76 


8.63 








J^o 


1.89 


1.28 


.74 


.37 


.12 






135 


jj 


.9595 


.9676 


.9755 


.9845 


.9929 








^20 


.0593 


.0456 


.0347 


.0212 


.0098 








^'2 


3.179 


3.206 


3.232 


3.262 


3.289 








»'« 


.210 


.168 


.132 


.088 


.050 
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?^=- 


250 


220 


195 


170 


150 


135 


120 


Pa 


E 


, 60.29 


49.85 


39.94 


28.72 


18.40 


9.70 






E, 


57.70 


47.96 


38.70 


27.98 


18.06 


9.58 






Eo 


1 2.59 


1.89 


1.24 


.74 


.34 


.12 




120' 


.0-2 


; .9524 


.9603 


.9680 


.9768 


.9851 


.9921 






^20 


' .0688 


.0562 


.0446 


.0317 


.0201 


.0105 






^'2 


3.524 


3.553 


3.582 


3.614 


3.645 


3.671 






»'« 


.269 


.225 


.182 


.135 


.092 


.057 






E 


70.65 


60.27 


50.40 


39.29 


^.09 


20.50 


10.89 




E, 


, 67.22 


57.71 


48.54 


38.17 


28.45 


20.15 


10.77 




Eo 


3.43 


2.56 


1.66 


1.12 


.64 


.35 


.12 


105 


X2 


.9444 


.9523 


.9598 


.9684 


.9765 


.9834 


.9911 




^n ■ 


.0789 


.0665 


.0552 


.0426 


.0312 


.0218 


.0115 




^'3 


3.961 


3.994 


4.025 


4.062 


4.095 


4.124 


4.156 




^'ao 


.347 


.296 


.253 


.196 


.148 


.109 


.066 




E 


82.39 


72.10 


62.37 


51.34 


41.20 


32.69 


23.21 




E, 


77.97 


68.65 


59.80 


49.58 


40.09 


32.00 


22.84 




Eo 


4.42 


3.45 


2.57 


1.76 


1.11 


.69 


.37 


90 


a"a 


.9356 


.9432 


.9506 


.9590 


.9669 


.9736 


.9812 




Xao 


.0899 


.0778 


.0667 


.0544 


.0433 


.0341 


.0241 




^'2 


4.533 


4.570 


4.606 


4.646 


4.685 


4.717 


4.754 




^'ao 


.451 


.393 


.340 


.280 


.227 


.182 


.134 




E 


96.04 


85.78 


76.25 


65.34 


55.28 


46.89 


37.48 




E, 


90.16 


81.09 


72.53 


62.61 


53.41 


45.54 


36.72 




Eo 


5.88 


4.69 


3.72 


2.73 


1.87 


1.35 


.76 


75 


X, 


.9254 


.9328 


.9400 


.9482 


.9559 


.9624 


.9698 




Jao 


.1019 


.0901 


.0794 


.0673 


.0565 


.0476 


.0378 




^'a 


5.321 


5.364 


5.405 


5.452 


5.496 


5.534 


5.577 




'4 


.591 


.525 


.464 


.397 


.336 


.286 


.230 




E 


112.25 


102.23 


92.71 


81.96 


72.08 


63.77 


54.48 




E, 


104.37 


95.74 


87.50 


77.93 


69.05 


61.45 


52.85 




Eo 


1 7.88 


6.49 


5.21 


4.03 


3.03 


2.32 


1.63 


60 


Xj 


] .9135 


.9206 


.9276 


.9356 


.9430 


.9493 


.9565 




^ao 


1 .1154 


.1040 


.0936 


.0811 


.0714 


.0628 


.0533 




^'a 


1 6.474 


6.524 


6.574 


6.630 


6.683 


6.727 


6.779 




^'ao 


1 .833 


.753 


.679 


.590 


.522 


.461 


.394 




E 


,132.68 


122.78 


113.42 


102.95 


93.13 


84.99 


75.85 




E, 


121.94 


113.94 


105.84 


96.71 


88.21 


80.94 


72.71 




Eo 


10.74 


8.84 


7.58 


6.24 


4.92 


4.05 


3.14 


45 


Xj 


.8986 


.9055 


.9123 


.9199 


.9271 


.9332 


.9400 




^20 


.1302 


.1200 


.1100 


.0987 


.0887 


.0804 


.0712 




^'2 


8.342 


8.406 


8.469 


8.539 


8.606 


8.662 


8.726 




^•20 


1.223 


1.129 


1.036 


.932 


.839 


.762 


.677 
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105 


90 


75 


60 45 


30 


1 
20 1 -p. 
















E 


P2 
















Ex 


















1-4 


















1 ^. 


120 
















^« 


















1 ^'« 


















1 ''» 












' 




!^ 


















^1 


















l^^o 


















1 ^« 


105 
















1 x„ 


















: ^'« 


















I'ao 




12.44 














E 




12.31 














E, 




.13 














Eo 




.9899 














^2 


90 


.0128 














, ^» 




4.796 














' t'. 




.079 














^'» 




26.85 


14.57 












E 




26.40 


14.41 












E, 




.45 


.16 












\Eo 




.9782 


.9881 












Xt 


75 


.0268 


.0144 












a^ao 




6.625 


5.681 












i ^'2 




.168 


.098 












,^'» 




44.00 


31.88 


17.61 


1 






E 




42.94 


31.33 


17.39 










1 ^1 




1.06 


.55 


.22 










^0 




.9647 


.9742 


.9858 










^2 


60 


.0426 


.0306 


.0158 










X» 




6.836 


0.905 


6.986 










Vj 




.319 


.234 


.129 










V» 




65.53 


53.62 


39.50 


22.32 








E 




63.22 


52.09 


38.70 


21.99 








E, 




2.31 


1.53 


.80 


.33 








\Eo 




.9479 


.9571 


.9682 


.9819 








a-. 


45 


.0608 


.0194 


.0361 


.0200 








1 ^30 




8.799 


8.885 


8.988 


9.115 








It^. 




.581 


.475 


.352 


.202 






||t.„ 
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1 


250 


220 


195 


170 


150 


135 


120 


Pa 


E 


160.25 


150.59 


141.45 


131.08 


121.58 


113.59 


104.68 


* X 


E, 


145.10 


137.40 


130.05 


121.48 


113.51 


106.68 


98.93 




e\ 


15.15 


13.19 


11.40 


9.60 


8.07 


6.91 


5.75 


30 


^2 


.8790 


.8855 


.8919 


.8992 


.9060 


.9118 


.9183 




x^ 


.1500 


.1396 


.1301 


.1195 


.1099 


.1020 


.0933 




^8 


11.94 


12.03 


12.11 


12.21 


12.31 


12.38 


12.47 




^20 


2.05 


1.91 


1.78 


1.64 


• 1.51 


1.40 


1.28 




E 


186.62 


177.10 


168.16 


157.99 


148.71 


140.88 


132.15 




E, 


166.62 


159.41 


152.63 


144.49 


137.00 


130.54 


123.83 




E, 


20.00 


17.69 


15.63 


13.50 


11.71 


10.34 


8.32 


20 


^% 


.8605 


.8668 


.8729 


.8798 


.8863 


.8918 


.8980 




^so 


.1663 


.1564 


.1473 


.1372 


.1281 


.1206 


.1123 




^1 


17.11 


17.23 


17.35 


17.49 


17.62 


17.73 


17.86 




VlO 


3.32 


3.12 


2.94 


2.74 


2.56 


2.41 


2.26 




E 


204.63 


195.26 


186.44 


176.46 


167.30 


159.58 


160.97 




Ex 


180.95 


174.09 


167.62 


159.83 


152.66 


146.50 


139.60 




E, 


23.68 


21.17 


18.92 


16.62 


14.64 


13.08 


11.47 


15 


^% 


.8481 


.8542 


.8600 


.8667 


.8730 


.8783 


.8843 




^ 


.1764 


.1668 


.1580 


.1482 


.1394 


.1321 


.1241 




^1 


22.11 


22.27 


22.42 


22.60 


22.76 


22.90 


23.06 




v» 


4.61 


4.36 


4.13 


3.88 


3.66 


3.46 


3.26 




E 


228.88 


219.72 


211.04 


201.23 


192.25 


184.70 


176.27 




^. 


200.02 


193.59 


187.43 


180.22 


173.48 


167.68 


161.03 




e\ 


28.86 


26.13 


23.61 


21.01 


18.77 


17.02 


15.24 


10 


^2 


.8317 


.8375 


.8431 


.8495 


.8556 


.8606 


.8663 




Xao 


.1889 


.1798 


.1714 


.1620 


.1636 


.1466 


.1389 




^2 


31.72 


31.94 


32.14 


32.40 


32.63 


32.82 


33.04 




^ao 


7.22 


6.87 


6.64 


6.19 


6.87 


6.60 


5.31 




E 


268.20 


259.32 


260.90 


241.39 


232.67 


225.36 


217.18 




Et 


229.79 


224.06 


218.55 


212.07 


205.99 


200.75 


194.76 




Eo 


38.41 


35.26 


32.35 


29.32 


25.68 


24.60 


22.42 


5 


x^ 


.8055 


.8109 


.8161 


.8221 


.8277 


.8324 


.8378 




^ao 


.2065 


.1980 


.1901 


.1814 


.1735 


.1670 


.1699 




^a 


59.08 


59.47 


59.85 


60.29 


60.70 


61.05 


61.44 




v» 


15.16 


14.53 


13.96 


13.31 


12.74 


12.26 


11.74 




^ 


315.97 


307.39 


299.29 


290.12 


281.72 


274.69 


266.83 




^i 


264.52 


259.61 


254.85 


249.22 


243.98 


239.33 


234.07 




^0 


51.45 


47.78 


44.44 


40.90 


37.74 


35.36 


32.76 


2 


X, 


.7745 


.7794 


.7842 


.7897 


.7948 


.7992 


.8041 




^» 


.2240 


.2162 


.2090 


.2010 


.1937 


.1878 


.1812 




^'2 


135.2 


136.1 


136.9 


137.9 


138.8 


139.6 


140.4 




^'ao 


39.1 


37.8 


36.5 


35.1 


33.8 


32.8 


31.7 
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105 


90 


75 


r>o 


45 


30 


20 


-Pi 


94.02 


S2.97 


69.20 


52.43 


do.m 






1E 


1\ 


89 98 


79. 4S 


66,83 


51.02 


30.16 






^i 




4.64 


3.49 


2.37 


1.41 


.48 






^l 




.9257 


.9345 


.94*'?0 


.9580 


.9752 






^1 


Z(\ 


.Og36 


.0726 


,0599 


.0447 


.0257 






^v 




12,57 


12.69 


12.84 


13.01 


13.25 






Vj 




1.15 


1.00 


.83 


.62 


.37 






^K 




122,31 


110 94 


97,46 


81,08 


59.83 


29.92 




E 




114. S3 


104 91 


92,94 


77.97 


58.19 


29.51 




^i 


' 


7.48 


6,03 


4.52 


3 H 


1.64 


41 




E. 




.9051 


.9134 


.9235 


.9358 


.9522 


.97.^ 




^ 


20 


,1030 


.0925 


,0804 


.0659 


.0479 


.(^34 




^30 




17.99 


18J8 


18.36 


18,61 


18.93 


19.40 




^1 




2.06 


1.85 


1.61 


1.33 


.97 


.48 




^m 




141.27 


130.09 


116.82 


100.02 


79.75 


50.35 


20.97 


E 




131.40 


121.87 


110.36 


95.94 


76.88 


49.18 


20.66 


E, 




9.87 


8.12 


6.46 


4.08 


2.87 


1.17 


.31 


Eo 




.8912 


.8993 


.9090 


.9216 


.9368 


.9597 


.9830 


Xf 


15 


.1152 


.1050 


.0933 


.0793 


.0618 


.0381 


.0155 


^» 




23.23 


23.44 


23.70 


24.03 


24.42 


25.02 


25.63 


n 




3.02 


2.75 


2.45 


2.08 


1.63 


1.01 


.42 


^•» 




166.77 


155.81 


142.82 


127.00 


106.55 


77.77 


49.01 


E 




153.46 


144.41 


133.47 


119.89 


101.71 


75.33 


48.11 


E, 




13.31 


11.40 


9.35 


7.11 


4.84 


2.44 


.90 


Eo 




.8729 


.8806 


.8899 


.9014 


.9165 


.9384 


.9608 , 


^t 


10 


.1303 


.1206 


.1094 


.0960 


.0793 


.0566 


.0350 1 


x» 




33.29 


33.59 


33.94 


34.38 


34.96 


35.79 


36.64 


I't 




4.99 


4.62 


4.19 


3.68 


3.04 


2.18 


1.35 


^'» 




207.99 


197.38 


184.81 


169.53 


149.79 


122.04 


94.35 , 


E 




187.82 


179.61 


169.66 


157.19 


140.49 


116.18 


91.00 ' 


E, 




20.17 


17.77 


15.15 


12.34 


9.30 


5.86 


3.35 


Eo 




.8:40 


.8511 


.8598 


.8705 


.8846 


.9050 


.9258 


xl 


5 


.1519 


.1429 


.1324 


.1199 


.1043 


.0832 


.0630 


^90 




61.89 


62.42 


63.06 


63.84 


64.88 


66.37 


67.90 


r. 




11.15 


10.49 


9.72 


8.81 


7.66 


6.12 


4.64 


^'ao 




258.01 


247.81 


235.74 


221.04 


202.14 


175.92 


149.08 


E 




227.95 


220.68 


211.83 


200.72 


185.74 


163.83 


141.00 


E, 




30.06 


27.13 


23.91 


20.32 


16.40 


12.09 


8.08 


e\ 




.8098 


.8164 


.8243 


.8341 


.8471 


.8655 


.8850 


x. 


2 


.1739 


.1655 


.1500 


.1445 


.1302 


.1108 


.0922 


* 




141.4 


142.5 


143.9 


145.6 


147.9 


151.0 


154.5 


''2 




30.4 


28.9 


27.2 


25.2 


22.7 


19.4 


16.1 


f» 
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TABLE VI. 
CYLINDER CONSTANTS. 

For a cylinder of the diameter d in inches, A is the area of 
cross-section, or of the piston, in square inches; V is the volume in 
cubic feet for each ten inches of length; and E.G. is the engine- 
constant ilS/396,000, likewise for a length of ten inches, or it is 
i4/39,600: see Eq. (97), page 102. 

The small values in the first part of the table are for the piston- 
rod, and the E.G. for the latter can be subtracted from that for the 
full piston, and the result multiplied by S/lOy where S is the stroke 
in inches. The displacement-volume of any engine-cylinder can be 
found in the same way, multiplying the net V from the table by 
S/IO. 

Table VI. Gylinder Gonstants. 



d 


A 


V 


E.C. 


d 


A 


y 


E.C. 




.79 


.0045 


.000020 


4 


12.57 


.0727 


.000317 


IJ 


.99 


58 


25 


4i 


14.19 


.0821 
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1.23 


71 


31 


^ 


15.90 


.0920 


402 


ll 


1.49 


86 


38 


4} 


17.72 


.1026 


448 




1.77 


.0102 


.000045 


5 


19.64 


. .1136 


.000493 


1 


2.07 


120 


52 


51 


21.65 


.1253 


547 




2.41 


139 


61 


5J 


23.76 


.1375 


GOO 


li 


2.76 


160 


70 


5} 


26.00 


.1503 


656 


2 


3.14 


.0182 


.000079 


6 


28.27 


.1636 


.000714 


n 


3.55 


205 


90 


6i 


33.18 


.1920 


838 


2i 


4.00 


230 


.000100 


7 


38.49 


.2227 


972 


2} 


4.43 


256 


112 


7J 


44.18 


.2557 


.001116 


2i 


4.91 


.0284 


.000124 


8 


50.27 


.2909 


1269 


2 


5.41 


313 


137 


8J 


56.75 


.3284 


1433 


2 
2 


5.94 


344 


150 


9 


63.64 


.3683 


1606 


6.49 


376 


164 


9i 


70.88 


.4102 


1790 


3 


7.07 


.0409 


.000179 


10 


78.54 


.4545 


.001983 


3J 


7.67 


444 


194 


lOj 


86.59 


.5011 


2187 


3i 


8.30 


480 


210 


11 


95.03 


.5500 


2400 


3? 


8.95 


518 


226 


UJ 


103.87 


.6011 


2623 


3i 


9.21 


.0557 


.000243 


12 


113.10 


.6545 


.002856 


3* 


10.32 


600 


261 


12i 


122.72 


.7102 


3099 


31 


11.05 


639 


279 


13 


132.73 


.7b81 


3352 


3J 


11.79 


683 


298 


13i 


143.14 


.8284 


3615 
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d 


A 


V 


E.C. 


d 
57 


A 


V 


RC. 


14 


153.94 


.8908 


.003887 


2551.8 


14.767 


.06444 


14J 


165.13 


.9556 


4170 


58 


2642.1 


15.290 


6672 


15 


176.72 


1.0227 


4463 


59 


2734.0 


15.822 


6904 


15i 


188.69 


1.0920 


4762 


60 


2827.4 


16.363 


7140 


16 


201.06 


1.1636 


.005077 










17 


226.98 


1.3135 


5732 


61 


2922.5 


16.912 


.07380 


18 


254.47 


1.4726 


6426 


62 


3019.1 


17.472 


7624 


19 


283.53 


1.6408 


7160 


63 


3117.2 


18.040 


7872 


20 


314.16 


1.8181 


7933 


64 


3217.0 


18.617 


8124 










65 


3318.3 


19.203 


8380 


21 


364.4 


2.004 


.00875 


66 


.3421.2 


19.799 


.08639 


22 


380.1 


2.200 


960 


67 


3525.7 


20.403 


8903 


23 


415.5 


2.404 


.01049 


68 


3631.7 


21.017 


9171 


24 


452.4 


2.618 


1142 


69 


3739.3 


21.639 


9443 


25 


490.9 


2.841 


1240 


70 


3848.5 


22.271 


9718 


26 


530.9 


3.073 


.01341 










27 


572.6 


3.313 


1446 


71 


3959.2 


22.912 


.09998 


28 


615.8 


3.563 


1555 


72 


4071.5 


23.562 


.10282 


29 


660.5 


3.823 


1668 


73 


4185.4 


24.221 


.10569 


30 


706.9 


4.091 


1785 


74 


4300.8 


24.889 


.10861 










75 


4417.9 


25.566 


.11156 


31 


754.8 


4.368 


.01906 


76 


4536.5 


26.253 


.11456 


32 


804.2 


4.654- 


2031 


77 


4656.6 


26.948 


.11759 


33 


855.3 


4.950 


2160 


78 


4778.4 


27.653 


.12067 


34 


907.9 


5.254 


2293 


79 


4901.7 


28.366 


.12378 


35 


962.1 


5.568 


2430 


80 


5026.5 


29.089 


.12693 


36 


1017.9 


5.891 


.02570 










37 


1075.2 


6.222 


2715 


81 


5153.0 


29.821 


.13013 


38 


1134.1 


6.563 


2864 


82 


5281.0 


30.561 


.13336 


39 


1194.6 


6.913 


3017 


83 


5410.6 


31.311 


.13663 


40 


1256.6 


7.272 


3173 


84 


5541.8 


32.070 


.13994 










85 


5674.5 


32.839 


.14330 


41 


1320.3 


7.640 


.03334 


86 


5808.8 


33.616 


.14669 


42 


1385.4 


8.018 


3499 


87 


5944.7 


34.402 


.15012 


43 


1452.2 


8.404 


3667 


88 


6082.1 


35.198 


.15359 


44 


1520.5 


8.799 


3840 


89 


6221.1 


36.002 


.15710 


45 


1590.4 


9.204 


4016 


90 


6361.7 


36.816 


.16066 


46 


1661.9 


9.618 


.04197 










47 


1734.9 


10.040 


4381 


91 


6503.9 


37.638 


.16424 


48 


1809.6 


10.472 


4570 


92 


6647.6 


38.470 


. 16787 


49 


1885.7 


10.913 


4762 


93 


6792.9 


39.311 


.17154 


60 


1963.5 


11.363 


4958 


94 


6939.8 


40.171 


.17526 










95 


7088.2 


41.020 


.17900 


51 


2042.8 


11.822 


.05159 


96 


7238.2 


41.888 


. 18278 


52 


2123.7 


12.290 


5363 


97 


7389.8 


42.765 


.18661 


53 


2206.2 


12.767 


5571 


98 


7543.0 


43.651 


.19048 


54 


2290.2 


13.254 


5783 


99 


7697.7 


44.547 


.19439 


55 


2375.8 


13.749 


6000 


100 


7854.0 


45.451 


.19833 


56 


2463.0 


14.254 


.06220 
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TABLE Vn. 

CONSTANTS FOR aRCULAR MOTION 

See S 35 (6) page 263 



1 


2 


3 


4 


1 


2 


8 


4 


N 


e 


c, 


c. 


N 


$ 


Ci 


c. 


6 


.624 


.0114 


.00035 


205 


21.468 


19.212 


.5971 


10 


1.047 


.0457 


.00142 


210 


21.991 


20.151 


.6266 


16 


1.571 


.1028 


.00320 


215 


22.515 


21.122 


.6568 


20 


2.094 


.1825 


.00568 


220 


23.038 


22.115 


.6892 


25 


2.618 


.2855 


.00888 


225 


23.562 


23.132 


.7193 


30 


3.142 


.4112 


.01306 


230 


24.086 


24.172 


.7516 


35 


3.665 


.5597 


.01740 


235 


24.609 


25.234 


.7846 


40 


4.189 


.7311 


.02273 


240 


25.133 


26.319 


.8184 


45 


4.712 


.9252 


.02877 


245 


25.656 


27.427 


.8528 


50 


5.236 


1.1423 


.03552 


250 


26.180 


28.558 


.8880 


55 


5.760 


1.382 


.04293 


255 


26.704 


29.712 


.9239 


60 


6.283 


1.644 


.05115 


260 


27.227 


30.888 


.9605 


65 


6.807 


1.931 


.06003 


265 


27.751 


32.088 


.9978 


70 


7.330 


2.234 


.06962 


270 


28.274 


33.310 


1.0358 


75 


7.854 


2.570 


.07992 


275 


28.798 


34.555 


1.0746 


80 


8.378 


2.924 


.09093 


280 


29.322 


35.823 


1.1139 


85 


8.901 


3.301 


.10265 


285 


29.845 


37.114 


1.1540 


90 


9.425 


3.701 


.11509 


290 


30.369 


38.428 


1.1949 


95 


9.948 


4.124 


.12823 


295 


30.892 


39.764 


1.2364 


100 


10.472 


4.569 


.14208 


300 


31.416 


41.124 


1.2787 


105 


10.996 


5.038 


.1566 


310 


32.463 


43.91 


1.3654 


110 


11.519 


5.529 


.1718 


320 


33.510 


46.79 


1.4549 


115 


12.043 


6.043 


.1878 


330 


34.558 


49.76 


1.5472 


120 


12.566 


6.580 


.2046 


340 


35.605 


52.82 


1.6424 


125 


13.090 


7.140 


.2221 


350 


36.652 


55.97 


1.7405 


130 


13-. 614 


7.722 


.2401 


360 


37.699 


59.22 


1.8414 


135 


14.137 


8.328 


.2589 


370 


38.746 


62.55 


1.9456 


140 


14.661 


8.955 


.2785 


380 


39.794 


65.98 


2.0516 


145 


15.184 


9.607 


.2987 


390 


40.841 


69.50 


2.1610 


150 


15.708 


10.281 


.3197 


400 


41.888 


73.11 


2.2733 


155 


16.232 


10.979 


.3414 


410 


42.935 


76.81 


2.3884 


160 


16.755 


11.692 


.3637 


420 


43.982 


80.60 


2.5063 


165 


17.279 


12.440 


.3868 


430 


45.030 


84.49 


2.6271 


170 


17.802 


13.205 


.4106 


440 


46.077 


88.46 


2.7506 


175 


18.326 


13.993 


.4351 


450 


47.124 


92.58 


2.8771 


180 


18.850 


14.804 


.4603 


460 


48.171 


96.69 


3.0064 


185 


19.373 


15.638 


.4863 


470 


49.218 


100.94 


3.1385 


190 


19.897 


16.495 


.5129 


480 


50.267 


105.28 


3.2735 


195 


20.420 


17.375 


.5403 


490 


51.313 


109.71 


3.4113 


200 


20.944 


18.277 


.5683 


500 


52.360 


114.23 


3.5520 



PISTON TRAVEL. 



373 



TABLE VIIL 

PISTON TRAVEL. 

Values of the distance « of the piston from the head end of the 

stroke, for any crank-angle a, in terms of the stroke-length S as 

unity, and for different values of the ratio n of the connecting-rod 

to the crank: calculated from equation (210), put into the form 

o(l —cos a) + n(l -cos /?) 
8^S 2 • 





Values of n. 


o» 


4 


5 


e 


8 


00 


6 355 


.0023 


.0023 


.0022 


.0022 


.0019 


10 350 


.0095 


.0091 


.0089 


.0086 


.0076 


15 345 


.0212 


.0204 


.0198 


.0191 


.0170 


20 340 


.0375 


.0360 


.0350 


.0338 


.0302 


25 335 


.0581 


.0558 


.0543 


.0525 


.0468 


30 330 


.0827 


.0795 


.0774 


.0748 


.0670 


35 325 


.1111 


.1069 


.1042 


.1007 


.0904 


40 320 


.1430 


.1377 


.1343 


.1299 


.1170 


45 315 


.1780 


.1716 


.1674 


.1621 


.1464 


50 310 


.2156 


.2081 


.2032 


.1970 


.1786 


65 305 


.2556 


.2470 


.2413 


.2342 


.2132 


60 300 


.2974 


.2878 


.2814 


.2735 


.2500 


65 295 


.3407 


.3301 


.3231 


.3145 


.2887 


70 290 


.3850 


.3735 


.3660 


.3567 


.3290 


75 285 


.4298 


.4177 


.4097 


.3998 


.3706 


80 280 


.4747 


.4622 


.4539 • 


.4436 


.4132 


85 275 


.5194 


.5066 


.4981 


.4876 


.4564 


90 270 


.5635 


.5505 


.5420 


.5314 


.5000 


95 265 


.6066 


.5987 


.5852 


.5747 


.5436 


100 260 


.6484 


.6358 


.6275 


.6173 


.5868 


105 255 


.6886 


.6765 


.6685 


.6587 


.6294 


110 250 


.7270 


.7157 


.7080 


.6987 


.6710 


116 245 


.7633 


.7527 


.7457 


.7371 


.7113 


120 240 


.7974 


.7878 


.7814 


.7735 


.7500 


125 235 


.8292 


.8206 


.8149 


.8078 


.7868 


130 230 


.8584 


.8509 


.8459 


.8398 


.8214 


135 225 


.8851 


.8787 


.8745 


.8692 


.8536 


140 220 


.9090 


.9038 


.9003 


.8959 


.8830 


145 215 


.9303 


.9261 


.9233 


.9199 


.9096 


150 210 


.9487 


.9455 


.9435 


.9409 


.9330 


155 205 


.9644 


.9621 


.9606 


.9588 


.9532 


160 200 


.9772 


.9757 


.9747 


.9735 


.9698 


165 195 


.9872 


.9863 


.9858 


.9851 


.9830 


170 190 


.9943 


.9939 


.9937 


.9934 


.9924 


175 185 


.9986 


.9985 


.9984 


.9983 


.9981 
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TABLE IX.. 
FACTORS FOR A(XELERATION AND INERTIA OF THE PISTON. 

R 



Values of m= (o 
See F^uations (213) and (224), $ 33 («) and § 35(a). 



(cob a+j co8 2aj. 





I 


2 


3 


4 


5 


e 


7 





• 


COS a 


cos 2a 




Values of n-^. 






4 


5 


e 


8 





360 


1.0000 


1.0000 


1.2500 


1.2000 


1.1667 


1.1250 


5 


355 


.9962 


.9848 


1.2424 


1.1932 


1.1603 


1.1193 


10 


350 


.9848 


.9397 


1.2197 


1.1728 


1.1414 


1.1023 


15 


345 


.9659 


.8660 


1.1824 


1.1391 


1.1103 


1.0742 


20 


340 


.9397 


.7660 


1.1312 


1.0929 


1.0674 


1.0355 


25 


335 


.9063 


.6428 


1.0670 


1.0349 


1.0134 


.9867 


30 


330 


.8660 


.5000 


.9910 


.9660 


.9494 


.9285 


35 


325 


.8192 


.3420 


.9047 


.8876 


.8762 


.8619 


40 


320 


.7660 


.1737 


.8095 


.8008 


.7950 


.7878 


45 


315 


.7071 


.0000 


.7071 


.7071 


.7071 


.7071 


50 


310 


.6428 


-.1737 


.5994 


.6081 


.6139 


.6211 


65 


305 


.5736 


-.3420 


.4881 


.5052 


.5166 


.5308 


60 


300 


.5000 


-.5000 


.3750 


.4000 


.4167 


.4375 


65 


295 


.4226 


-.6428 


.2619 


.2941 


.3155 


.3423 


70 


290 


.3420 


-.7660 


.1505 


.1888 


.2144 


.2463 


75 


285 


.2588 


-.8660 


.0423 


.0856 


.1145 


.1506 


80 


280 


.1737 


-.9397 


-.0613 


-.0143 


.0170 


.0562 


85 


275 


.0872 


-.9848 
-1.000 


-.1590 


-.1098 


-.0770 


-.0359 


90 


270 


.0000 


-.2500 


-.2000 


-.1667 


-.1250 


95 


265 


-.0872 


- .9848 


-.3334 


-.2841 


-.2513 


-.2103 


100 


260 


-.1737 


-.9397 


-.4086 


-.3616 


-.3303 


-.2911 


105 


255 


-.2588 


-.8660 


-.4753 


-.4320 


-.4032 


-.3671 


110 


250 


-.34ii0 


-.7660 


-.5335 


-.4952 


-.4697 


-.4378 


115 


245 


-.4226 


-.6428 


-.5833 


-.5512 


-.5298 


-.5030 


120 


240 


-.5000 


-.5000 


-.6250 


-.6000 


-.5830 


-.5625 


125 


235 


-.5736 


-.3420 


-.6591 


-.6420 


-.6306 


-.6163 


130 


230 


-.6428 


-.1737 


-.6862 


-.6775 


-.6717 


-.6645 


135 


225 


-.7071 


.0000 


-.7071 


-.7071 


-.7071 


-.7071 


140 


220 


-.7660 


.1737 


-.7226 


-.7313 


-.7371 


-.7443 


145 


215 


-.8192 


.3420 


-.7336 


-.7508 


-.7622 


-.7764 


150 


210 


-.8660 


.5000 


-.7410 


-.7660 


-.7827 


-.8035 


155 


205 


-.9063 


.6428 


-.7456 


-.7805 


-.7992 


-.8260 


160 


200 


-.9397 


.7660 


-.7482 


-.7865 


-.8120 


-.8439 


165 


195 


-.9659 


.8660 


-.7494 


-.7927 


-.8216 


-.8577 


170 


190 


- .9848 


.9397 


-.7499 


-.7969 


-.8282 


-.8674 


175 


185 


-.9962 


.9848 


-.7500 


-.7992 


-.8321 


-.8731 


180 


-1.000 


1.0000 


-.7500 


.8000 


- 8333 


-.8750 
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TURNING FORCE RATIOS. 

Values of m«- ^ — s^ — n = — » ^or different values of n-* -5: see $ 35(d). 





t» 


Values of n. 




4 


. 6 


e 


8 


00 


5 


355 


.1089 


.1045 


.1016 


.0980 


.0872 


10 


350 


.2164 


.2079 


.2022 


.1950 


.1737 


15 


345 


.3215 


.3089 


.3005 


.2901 


.2588 


20 


340 


.4227 


.4065 


.3957 


.3822 


.3420 


25 


335 


.5189 


.4995 


.4866 


.4706 


.4226 


30 


330 


.6091 


.5870 


.5724 


.5542 


.5000 


35 


325 


.6923 


.6682 


.6523 


.6325 


.5736 


40 


320 


.7675 


.7421 


.7253 


.7054 


.6428 


45 


315 


.8341 


.8081 


.7910 


.7699 


.7071 


50 


310 


.8915 


.8657 


.8488 


.8279 


.7660 


55 


305 


.9392 


.9144 


.8982 


.8782 


.8192 


60 


300 


.9769 


.9540 


.9390 


.9205 


.8660 


65 


295 


1.0046 


.9842 


.9709 


.9545 


.9063 


70 


290 


1.0224 


1.0051 


.9939 


.9801 


.9397 


75 


285 


1.0303 


1.0169 


1.0082 


.9974 


.9659 


80 


280 


1.0289 


1.0197 


1.0137 


1.0064 


.9848 


85 


275 


1.0186 


1.0139 


1.0109 


1.0072 


.9962 


90 


270 


1.0000 


1.0000 


1.0000 


1.0000 


I. 0000 


95 


265 


.9738 


.9785 


.9815 


.9853 


.9962 


100 


260 


.9407 


.9499 


.9559 


.9633 


.9848 


105 


255 


.9015 


.9150 


.9237 


.9344 


.9659 


110 


250 


.8570 


.8742 


.8855 


.8992 


.9397 


115 


245 


.8080 


.8284 


.8417 


.8581 


.9063 


120 


240 


.7552 


.7781 


.7931 


.8116 


.8660 


125 


235 


.6991 


.7239 


.7401 


.7601 


.8192 


130 


230 


.6406 


.6664 


.6833 


.7042 


.7660 


135 


225 


.5801 


.6061 


.6232 


.6444 


.7071 


140 


220 


.5181 


.5435 


.5603 


.5810 


.6428 


145 


215 


.4549 


.4790 


.4949 


.5147 


.5736 


150 


210 


.3909 


.4130 


.4276 


.4458 


.5000 


155 


205 


.3263 


.3458 


.3586 


.3747 


.4226 


160 


200 


.2614 


.2776 


.2884 


.3018 


.3420 


165 


195 


.1962 


.2088 


.2171 


.2276 


.2588 


170 


190 


.1309 


.1394 


.1451 


.1523 


.1737 


175 


185 


.0654 


.0698 


.0727 


.0763 


.0872 



NOTES ON 8UPEKHEATED STEAM. 



RBGNAUi;r made four sets of experiments, upon steam under 
atmospheric pressure, superheated to from 252® to 448® F., or 
with 40® to 236® of superheat. His method was to condense a 
small portion of steam in an accurate water-calorimeter, so as 
to measure its total heat, and then subtract from this the total 
heat found in the same way for steam superheated about 15®. 
The results agreed very well; there was no apparent variation 
of the specific heat with the temperature; and the mean value 
which he found was 0.4805. Published in 1862, this was for a 
long time the only definite information in regard to the specific 
heat of steam under constant pressure; and was generally used, 
in spite of doubt as to its applicability under all conditions. It 
is as a consequence of the extensive adoption of superheating in 
the steam-plant, especially in Europe, that further investigations 
have been undertaken. 

This determination by measurement of total heat is essentially 
a difficult method, because the heat-quantity sought is but a small 
fraction of the heat measured, so that extreme precision is necessary 
to reliable results. Later experiments have generally followed 
three lines: first, for small ranges above satiu'ation, superheating 
by wire-drawing; second, for technical ranges of temperature and 
pressure, cooling in a water-calorimeter of the surface-condenser 
type, from a higher to a lower degree of superheat; third, for very 
high temperatures, exploding a mixture of hydrogen and oxygen 
and deducing specific heat from temperature and heat of com- 
bustion. 
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The last-named method was earliest used, and will first be 
briefly described. The purpose of the experiments was, pri- 
marily, to find the temperature of combustion, under the assump- 
tion that all the heat generated remains in the combined, gases. 
Calorific power, or heat of complete combustion, was already 
known: if the specific heat determined for ordinary temperatures 
could be used for high ranges, the desired temperature was very 
simply calculable; but it was soon apparent that this was far 
from the truth, and that special experiments were necessary. 
These were made by enclosing a small body of the mixed gases 
in a strong chamber or bomb, igniting it with an electric spark, 
and measuring, by means of a very accurate manometer, the 
maximum pressure reached before cooUng had time to occur. 
From observed pressure, temperature was calculated by the general 
law pv^CT; the heat of combustion Q being known, the specific 
heat at constant volume, c„, could be found, and Cp deduced from 
it — ^the value of k^Cp/c„ being involved. 

From the results of numerous experiments, beginning with 
those of Mallard and Le ChateUer published in 1883, the metallur- 
gists — ^who most use high ranges of temperature — have settled 
upon the formula 

Cp=0.413+.000192« or 0.4194-.000345<. . . (290) 
Fahrenheit. Centigrade. 

This gives the actual specific heat at any temperature t; to get 
the quantity of heat for a rise from ^ to i, we must use a mean 
value; which will be, putting the formula into the general shape 
Cp=a-\-bt, 

Cp«-a4-6^ (291) 

For the imaginary operation of heating from (f to t (equivalent 
to assuming that the steam remains a perfect gas down to zero), 
when ^1 equals zero in (291), this gives, from (290), 

Cp„,=0.413+0.000096« or 0.419+0.000173/. . (292) 

Very obviously, we have no assurance that these formulas will 
apply near saturation and for low degrees of superheat; for the 
properties of a perfect gas enter into their deduction. 
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Of experiments by wire-drawing, two first-class sets have been 
made: by Grindley, published in Philosophical Transactions of 
the Royal Society of London, 1900, Vol. 194; and by Griessmann, 
found, in Zeitschrift des Vereins Deutscher Ingenieure, 1903, 
page 1850. In both cases, the apparatus was essentially a throt- 

360r 




Fio. 188. — Curves of Throttling, according to Qriessmann. 

tling calorimeter which drew dry saturated steam from a specially 
arranged separator, great precautions being taken to avoid sources 
of error. The observations were, the pressure Pi and temperature 
fj (checking each other) on the high side; and beyond the throttling- 
plate, the pressure Po and temperature ^. Griessmann^s results, 
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as the later and more accurate, are laid out in Fig. 188, on a dia- 
gram similar to that given by the author, but changed to English 
measures. For each initial pressure, a number of different dis- 
charge pressures were produced and maintained; and the observed 
lower temperatures are plotted on a pressure-base. SS is the 
curve of saturation, the same thing as curve I. on Fig. 22, but 
in a different position. Through the ^ points belonging to each 
<i a curve is drawn; and the good agreement of the points with 
their respective curves speaks well for the accuracy of the ex- 
periments. 

To each of these curves corresponds a certain value of the 
total heat in the steam, which value remains constant as the lower 
pressure changes — see § 28 (6), page 183. The several numbers 
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Having these values of the total heat and the correspondino: tem- 
peratures of superheated steam as shown by the curves thorn- 
selves, it is an easy matter to calculate the specific heat involved 
in a change of temperature along any one of the vertical lines of 
constant pressvu*e. Thus at 40 lbs. pressure, curve 2 shows 279.8°; 
curve 10, 315.5°; the steam is raised through 35.7° by 1189.31 
-1169.66=19.65 B.T.U.; and the mean specific heat for the 
operation is 19.65^35.7=0.550. 

Turning to Eq. (154), page 184, we see that if the steam is 
originally dry-saturated, so that Xi = 1.00, and if Cp= 0.48, the 
relation holds 

0.305(^-g=0.1S (^-g; 
whence 

t,-^o=o.635r^,-g, 

^-^ = 0.365ai-g (293) 



380 



APPENDIX. 



This formula would give to t^ the manner of variation shown by 
the dotted curves drawn from points 1, 6, and 11. Comparing 
these with the full-line curves of observed temperature, we can 
make the following deductions as to the true specific heat: 

First, Cp is much greater than 0.48 for the higher pressures, 
because the actual temperature is so much less than that calcu- 
lated from (293). 

Second, as the saturation temperature is lower, Cp is less: for 
curve 1, it is less than 0.48 from the beginning at 1. 

Third, along the lines of low pressure, as at 15 lbs., Cp increases 
steadily with the temperature: thus at 1, the true curve is well 
above the dotted, at 11 they are nearly together. 

Dr. Griessmann worked out, from his curves, values of Cp for 
a number of different pressures. In Fig. 189 are plotted results 
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Fig. 189. — Curves through Griessmann's Results. 
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for pressures of 1, 2, 3, 4, 5, and 6 kg. per sq. cm. (1 kg. per sq. cm. 
= 14.224 lbs. per sq. in.). The mean of a number of determinations 
is given by each circle, while separate values are shown by the 
spots, for 1, 3, and 5 kg. pressure. The average range of pressure 
is represented by the straight line through each circle, the direc- 
tion of this line being determined by the curve subsequently drawn. 
The ranges of the separate determinations are so nearly the same 
that it is fair to average them. 
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The most noticeable thing about these results is the rapid 
increase of Cp with / — far greater, for instance, than that in (290), 
which formula is represented by the line MM. To explain this 
apparent discrepancy, we note first that Cpy as found for 1 kg., 
is much farther from saturation than for 5 or 6: then it seems 
entirely reasonable to suppose that the specific heat would be 
greater near saturation, where there is likely to be disgregation 
work; and further, that it may increase with the pressure, that 
is, with the density, of the steam. 

These ideas are given graphical expression in the curves sketched 
on Fig. 189, each beginning at the saturation temperature marked 
by a short vertical line. They constitute an hypothesis which, 
although it is not confirmed in detail by the primary results in 
Fig. 188, and is even contradicted by the third statement above 
Fig. 189, nevertheless offers the best way of reconciling what are 
otherwise conflicting data. 
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Fia. 190. — Results of Lorenz, by the Method of Cooling. 
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Strong confirmation of this idea as to the heat-properties of 
superheated steam is given by the experiments of H. Lorenz, 
published in Zeitschrift V. D. I., 1904, page 698. These were 
made by the method of cooling, the steam passing through a 
surface-calorimeter, escaping well above saturation, and then 
flowing into a surface-condenser. The results are represented 
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graphically on Fig. 190, where each numbered circle shows the 
mean value of Cp at a particular pressure and temperature, and 
the range through which the steam was cooled — ^the last by in- 
clined straight lines, as in the preceding figure. The results are 
grouped according to pressure by drawing curves like those on 
Fig. 189; two points from that figure being also marked, for 
pressures of 2 and 4 kg. Here it is very evident that the specific 
hefj,t is greater toward saturation and for higher densities. 

The amount of data is too small, and its agreement not cordial 
enough, for any more definite expression of the apparent law than 
is given by these curves. They are made of fair form, and spaced 
with regard to the fact that there must be some smoothly-acting 
law of variation. The starting-points, on the saturation-tem- 
perature lines, lie on a fair curve. The curves evidently tend 
to merge into the line MM, or one of similar trend, for high tem- 
peratures. While not closely enough determined to give exact 
results, they are nevertheless likely to be of great practical utility 
for technical computations. 

In regard to the throttling calorimeter, the statement made 
at the top of page 195 must be modified in view of this later in- 
terpretation of experimental results. It appears, however, from 
Fig. 188, that a mean value a little below 0.48, say 0.45, would 
be proper for use in Eqs. (154), (158j, etc., when the discharge 
is at atmospheric pressure. In this we accept the results on Fig. 
188 rather than the curve traced on Fig. 189; and it would be 
easy to derive from Fig. 188 a curve showing the true "normal 
temperature" for different initial temperatures. 

The entropy-temperature curve for superheated steam, as 
drawn in Fig. 86, page 229, will be considerably modified by these 
later results. A different curve would have to be drawn for each 
starting-point on the line RS; but as the temperature rose, the 
curves would approach similarity and constant-distance spacing. 
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Saturation Curve, 62 

Separation of Water from Steam-cur- 
rents, 187 

Separator Calorimeter, 196 

Service a Basis of Classification, 18 

Shaking-force, 

Accelerated Masses, 321 
Complex Engine with Two Stroke- 
lines, 339 
Components by Diagram, 322 
Counterweight, 340 
Curves for Duplex Engine, 331 
Curves for Four-crank Engine, 338 
Curves for Single Engine, 323 
Duplex Engine, Cranks Opposite, 

334 
Duplex Quarter-crank Engine, 326 
Effects of Shaking-force, 339 
Exact Construction, 324 
Four-crank Engine, 336 
Polar Diagram, 325 
Radial Construction, 328, 335 
Radial Determination of Rod-ef- 
fect, 332 



Shaking-force, 

Shifting-effect in Duplex Engine, 

329 
Three-crank Engine, 334 
Turning-effect in Ehiplex Engine, 
329 

Shaft and Wheels, 9 

Shaft-bearings, Pressures on, 311 
Diagrams for Main Bearing, 316 
Extra-pressure Due to Overhang, 

312 
Pressures in the Locomotive, 314 

Shaft of Engine, Forces on, 236 

Simple Injector, 200 

Slider-crank Mechanism, 242 

Specific Heat, 
Of Air, 35, 37 

Of Superheated Steam, 65, 376-382 
Of Water, see Heat of Liquid, 52, 
58 

Specific Volume at Cut-off, 87 

Speed of Engine, Fluctuation of, un- 
der Fly-wheel, 283 

Steam, 

Adiabatic Behavior of, 66 
At Atmospheric Pressure, 56 
Camot Cycle with Steam, 71 
Complete Isothermal, 62 
Constants and Relations, 54 
Curve of Constant Weight, 61 
General Formula for Superheated, 

Zeuner's, 64 
Generation and Properties, 52 
Heat of Formation, for Any Con- 
ditions, 54 
Heat of Vaporization, 53, 58 
Measurement of Consumption in 

En^ne, 103 
Properties of Saturated, Table IV, 

350 
Saturated and Superheated, 61 
Superheated, see also Superheated 

Steam, 62, 64 
Temperature of Formation, 52 
Total Heat, 53, 58 

Steam-blowers, 197 

Steam Calorimeters, 

Correction for Radiation, 192, 196 
Limit of Throttling-effect, 192 
Range and Accuracy, 194 
Separator Calorimeter, 196 
Throttling Calorimeter, 191 

Steam Cycles A and B, 79 

Steam Diagram, 

Actual Indicator Diagram Com- 
pared with Ideal Form, 90 
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Steam Diagram, 

EflFecta- of Clearance and Wire- 
drawing^ ,?23 
Form of Diagram, 16 
Ideal Form for the Engine, 86 
Transformation to Entropy-tem- 
perature System, 221, 225 
Steam Distribution, 15 
Steam-engine Cycle, 77 
Steam-engine Indicator, 17 
Steam-jacket, Principles of Action, 

123 
Steam-jet, 138 
Applications, 191 
Comparison of Different Initial 

States, 166 
Comparison with Napier's Formu- 
la, 148 
Conditions beyond the Nozzle, 182 
Conditions of Flow, 138 
Conditions within the Jet, 171 
Constants for Different Initial 

Pressures, 161 
Curves of Cross-section and Veloc- 
ity, 145, 152-157 
Curves of Discharge, 151, 155, 156 
Design of the Nozzle, 180 
Discliarge from an Orifice, 182 
Entropy Diagram, 229 
Expansion of the Jet, 153 
Exponential Formulas Applied, 

149 
Form and Influence of the Nozzle, 

170 
Form of the Jet, 143 
Internal Force-actions, 173 
Mixtures of Steam and Water, 163 
Pick-up Apparatus, 197 
Profile of Free Jet, 176 
Profile yni\\ Partial Reduction of 

Pressure, 179 
Rate of Flow, 148 
Retardation of Jet, 188, 190 
Steam-cycle with Adiabatic Ex- 
pansion, 140 
Steam of Any Initial Quality, 142 
Stodola's Curves for the Retarded 

Jet, 189 
Superheated Steam, 165 
Table of Properties, 142 
Table of Properties for 120 lbs. In- 
itial Pressure, 15S 
The Case of Steam Initially Dry, 

159 
The Extended Nozzle, 188 
The Free Jet, 172 



Steam-jet, 
Transverse Acceleration of the 

Stream-lines, 174 
Work Expended in Acceleration^ 
138 
Steam Passages, 11 
Steam-plant, 

Elements and Outline of, 1 
Heat- waste in the, 217 
Steam-table, 350 
Graphical, 56 
Steam-turbine, 205 
Compound and Complex, 207 
Curtis, 207 
De Laval, 206 
Simple and Simplex, 207 
Velocity Diagrams, 206, 208 
Stodola's Curves for the Retarded 

Jet, 189 
Stream-lines in the Jet, Transverse 

Acceleration, 174 
Stress in Rim of Wheel, 293 
Stroke-line Diagram of Inertia-force^ 

265 
Superheated Steam, 62, 64 
Application and Difficulties, 126 
Entropy Diagram, 228 
Expansion at Constant Pressure, 65 
Formula for Adiabatic Curve, 71 
In the Steam-jet, 165 
Notes on, 376 

Specific Heat at Constant Pres- 
sure, 65, 376 
Use in the Engine, 126 
Superheating a Source of Economy, 

125 
Surface Effect in Cylinder-condensa- 
tion, 109 

Tangential Force, Constructions for, 

274 
Tangential Force on the Crank, 271 
Temperature, Absolute, 26 
Temperature and Pressure, Relation 

for Gases, 28 
Temperature and Time Effects in 

Cyl inder-condensation ,111 
Temperature and Volume, Relation 

for Gases, 24 
Temperature, Definition of, 21 
Temperature of Steam-formation, 52 
Temperature, Range of, in Adiabatic 

Expansion of Air, 42 
Testing the Injector, 204 
Theory of the Steam-engine, 52-89 
Theory of the Injector, 202 
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Thermal Action of the Cylinder-walls, 

77, 124 
Thermodynamics, First Principle of, 

20 
Thermodynamic Value of Heat, 48 
Three-crank Engine, Shaking-force 

Analysis, 334 
Throttling Calorimeter, 191 
Total Heat of Steam, 53, 58 
Transmission of Force to the Crank, 

233 
Turning-force Anal3rsis, 272 
Turning-force, Determination of, 293 
Turning-force in Multiple-crank Ar- 
rangements, 281 
Turning-force Ratios, Table X, 375 
Turning-force Relations, 270 
Turning-moment on the Crankj 270 
Two-stroke Diagram of Effective 
Pressure, 269 

Universality of the Camot Cycle, 72 

Valve, Action of, 13 

Valve-chest, Sections of, 10 

Valve-gear, Outline of, 12 

Variation of Pressure with Tempera- 
ture, Saturated Steam, 57 

Velocity Analysis for the Connecting- 
rod, 249 

Velocity and Acceleration of Piston, 
243 

Velocity Diagrams for the Steam-tur- 
bine, 206, 208 

Velocity-image of Connecting-rod, 
247 

Velocity of anv Point on the Connect- 
ing-rod', 246, 260 

Velocity of Piston, 
Actual, 244, 245, 256 
Harmonic, 241 

Velocity of Piston by Graphical Re- 
lations, 245 

Volume and Pressure, Relation for 
Gases, 2« 



Volume and Temperature, Relation 
for Gases, 24 

Water, Sensible Heat of, 52, 58 

Weight of Fly-wheel, 279 

Wire-drawing, Effect upon Indicator 
Diagram, 224 

Wire-drawmg, Entropy Diagram for, 
230 

Wire-drawing, Formulas for, 183 

Work and Power, 22 

Work Done and Steam Used, 100 

Work Expended in Acceleration of 
Steam-jet, 138 

Work, External, in Various Processes, 
see External Work. 

Work, Graphical Representation of, 
39 

Woik, Gross and Effective, in the 
Engine, 101 

Working-forces in the Engme, 262 

Working of the Compound Engine, 
122 

Working Steam and Clearance Steam, 
• 93 

Working Up Indicator Diagrams, 
106 

Work, Internal and External, 34 

Work per Revolution, 101 

Work, Pressure-volume Measure of, 
36,39 

Work-scale for Diagrams, 37, 277 

Work Unit, W.U., 22 

Wrist-pin Acceleration, Graphical 
Determination, 251 

Wrist-pin, Motion of, see Piston- 
slide. 

Wrist-pin Pressures, see Pin-pres- 
sures, 309 

Wrist-pin Velocity, Derivation of, 251 

Zeuner's Formula for Adiabatic Ex- 
pansion of Steam, 70 

Zeuner^s Formula for Superheated 
Steam, 64 
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259 practical woodcut illustrations and 403 pages of descriptive 
matter. The whole being an exposition of the present practice 
of James Watt & Co., J. & G. Rennie, R. Napier & Sons, and 
other cdebrated firms. Thick quarto, half morocco $10 . 00 

BURT, W. A. Key to the Solar Compass, and Surveyor's 

Companion. Comprising all the rules necessary for use in the 
fidd; also description of the Linear Surveys and Public Land 
S3rstem of the United States, Notes on the Barometer, Sugges- 
tions for an Outfit for a Survey of Four Months, etc. Seventh 
Ediiion, Pocket size, full leather $2.60 

BUSKBTT, E. W. Fire Assaying. lamo, cloth, illus- 
trated In Prese, 

CAIN, W., Prof. Brief Course in the Calculus, ^th 

figures and diagrams. 8vo, doth, illustrated net, $1 . 75 

Theory of Steel-concrete Arches and of Vaulted 

Structures. New Edition, revised and enlarged. 16mo, cloth, il- 
lustrated. (Van Nostrand Science Series) $0. 50 

CAMPIN, F. On the Construction of Iron Roofs. A 

Theoretical and Practical Treatise, with woodcuts and plates of 
roofs recently executed. 8vo, doth $2.00 
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CARPENTER, Prof. R. C, and DIEDERIGHS, Prof. H. 

Internal Ck>mbustion Motors. With figures and diagrams. Svo. 
clotii, illustrated In Press^ 

CARTER, E. T. Motive Power and Gearing for Elec- 
trical Machinery. A treatise on the Theory and Practice of the 
Mechanical Equipment of Power Stations for Electrical Supfdv 
and for Electric Traction. Second EdUionj revised in part by Q. 
Thomas-Davies. Svo, cloth, illustrated $5.00 

CATHCART, WM. L., Prof. Machine Design. Part L 

Fastenings. Svo, cloth, illustrated nett $3.00 

Machine Elements ; Shrinkage and Pressure Joints. 

With tables and diagrams In Press. 

Marine-Engine Design In Press. 

and CHAFFEE, J. I. Course of Graphic Statics Applied 

to Mechanical Engineering In Press 

CHAMBER'S MATHEMATICAL TABLES, consisting of 

Logarithms of Numbers 1 to 10S,000, Trigonometrical, Nautical 
and other Tables. New Edition, Svo, cloth $1 . 76 

CHARPENTIERy P. Timber. A Comprehensive Study 

of Wood in all its Aspects, Commercial and Botanical. Show- 
ing the Different Applications and Uses of Timber in Various 
Trades, etc. Translated into English. Svo, cloth, illus.. .net, $6.00 

CHAUVENET, W., Prof. New Method of Correcting 

Lunar Distances, and Improved Method of finding the £>ror 
and Rate of a Chronometer, by Equal Altitudes. Svo, doth. $2.00 

CHILD, C. T. The How and Why of Electricity. A 

Book of Information for non-technical readers, treating of the 
Properties of Electricity, and how it is generated, handled, con- 
trolled, measured and set to work. Also explaining the opera- 
tion of Electrical Apparatus. Svo, doth, illustrated $1 . 00 

CHRISTIE, W. W. Boiler-waters, Scale, Corrosion, Foam- 
ing. Svo, cloth, illustrated net, $3.00 

Chimney Design and Theory. A Book for Engineers 

and Architects, with numerous half-tone illustrations and plates 
of famous chimneys. Second Edition, revised, Svo, cloth. $3.00 
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CHRISTIEi W. W. Furnace Draft: its Production by Me- 

ohanioal Methods. A Handy Reference Book, with figures and 
tables. 16ino, cloth, illustrated. (Van No9trand*% Science Seriea), 

10.50 

CLAPPERTONy 6. Practical Paper-making. A Manual 

for Pa^r-maJcers and Owners and Managers of Paper Mills, to 
which is appended useful tables, calculations, data, etc., with 
illustrations reproduced from micro-photographs. 12mo, cloth, 
illustrated. $2.50 

CLARK, D. EL, CJE. A Manual of Rules, Tables and 

Data for Mechanical En^eers. Based on the most recent inves- 
tigations. Illustrated with numerous diagrams. 1012 pages. 8vo, 
cloth. Sixth Edition $5.00 

Fuel: its Combustion and Economy; consisting of 

abridgments of Treatise on the Combustion of Coal. By 0. W. 
WiUiams, and the Economy of Fuel, by T. 8. Prideaux. With 
extensive additions in recent practice in the Combustion and 
Economy of Fuel, Coal, Coke, Wood, Peat, Petroleum, etc. 
Fourth Edition, 12mo, doth $1 .50 

The Mechanical Engineer's Pocket-book of Tables, 

Formulse, Rules and Data. A Handy Book of Reference for 
Dail]^ Use in En^eering Practice. 16mo, morocco. Fifth 
Edition, carefuUy revised throughout $3 .00 

Tramways: Their Construction and Working. Em- 
bracing a comprehensive history of the system, with accoimts of 
the various modes of traction, a description of the varieties of 
rolling stock, and ample details of Cost and Woiking Expenses. 
Second Edition, rewritten and areatly enlarged, with upwards of 400 
iUustraHans, Thick 8vo, cloth $89.00 

CLARK, J. M. New System of Laying Out Railway Turn- 
outs instantly, by inspection from tables. 12mo, cloth. . . $1 .00 

CLAUSEN-THUE, W. The A B C Universal Commercial 

Electric Telegraphic Code; specially adapted for the use of 
Financiers, Merchants, Ship-owners, Brokers, Agents, etc. Fourth 

Edition. Svo, cloth $6.00 

Fifth Edition of same $7.00 

The A 1 Universal Commercial Electric Telegraphic 

Code. Over 1240 pages and nearly 90,000 variations. Svo, 
doth $7.60 
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CLEEMANNy T. M. The Railroad Engineer's Practice* 

Being a Short but Complete Description of the Duties of the 
Young Engineer in Preliminary ana Location Surveys and in 
Construction. Fourth Edition, revised and enlarged. Illustrated. 
12mo, cloth $1 .50 

CLEVEN6ER, S. R. A Treatise on the Method of Goy- 

emment Surveying as prescribed by the U. S. Congress and Com- 
missioner of the General Land Office, with complete Mathemati- 
cal, Astronomical, and Practical Listructions for the use of the 
United States Surveyors in the field. 16mo, morocco $2 . 50 

CLOUTHy F. Rubber, Gutta-Percha, and Balata. First 

English Translation with Additions and Emendations by the 
Author. With numerous figures, tables, diagrams, and folding 
plates. 8vo, cloth, illustrated nel, $5.00 

COFFIN, J. H. C, Prof. Navigation and Nautical Astron- 
omy. Prepared for the use of the U. S. Naval Academy. New 
Edition. Revised by Commander Charles Belknap. 52 woodcut 
illustrations. 12mo, cloth net, $3 . 50 



COLE, R. S., M.A. A Treatise on Photographic Optics. 

Being an accoimt of the Principles of Optics, so far as they apply 
to photography. 12mo, cloth, 103 illus. and folding plates. .$2.50 



COLLINS, J. E. The Private Book of Useful Alloys and 
Memoranda for Goldsmiths, Jewelers, etc. 18mo, cloth tO . 50 

COLLINS, T. B. The Steam Turbine, or the New Engine. 

8vo, cloth, illustrated In Frees. 

COOPER, W. R., M.A. Primary Batteries: Their Con- 
struction and Use. With numerous figiires and diagrams. 8vo, 
doth, illustrated net, $4.00 

COPPERTHWAITE. WH. C. Tunnel Shields, and the 

Use of Compressed Air in Subaqueous Works. With numerous 
diagrams and figures. 4to, cloth, illustrated nef, $9.00 

COREY, H.T. Water-supply Engineering. Fully illustrated* 

In Press, 

CORNWALL, H. B., Prof. Manual of Blow-pipe Analysis, 

Qualitative and Quantitative. With a Complete System of 
Determinative Mineralogy. Svo, cloth, with many illustra- 
tions $2.50 
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COWELL, W. B. Pure Air, Ozone and Water. A Prac- 
tical Treatise of their Utilization and Value in Oil, Grease, Soap. 
Paint, Glue and other Industries. With tables and figures. 
12mo, cloth, illustrated v . . . nel^2.00 

CRAIG, B. F. Weights and Measures. An Account of 

the Decimal System, with Tables of Converrfon for Commercial 
and Scientific Uses. Square 32mo, limp cloth 60 

CROCKER, F. B., Prof. Electric Lighting. A Practical 

Exposition of the Art. For use of Engineers, Students, and 
others interested in the Installation or Operation of Electrical 
Plants. Vol. I. The Generating Plant. New Edition, thoroughly 

revised andrewritien. 8vo, cloth, illustrated $3 .00 

Vol. II. Distributing Systems and Lamps. Fifth Edition, 8vo, 
cloth, illustrated $3 .00 

and WHEELER, S. S. The Management of Electrical 

Machinery. Being a thoroughly revised and rewritten edition of 
the authors' ''Practical Management of Dynamos and Motors." 
With a special chapter by H. A. Foster. 12mo, cloth, illustrated. 

nef, $1.00 

CROSSKEY, L. R. Elementary Perspective: Arranged to 

meet the requirements of Architects and Dmughtsmen, and of 
Art Students pre^ring for the elementary examination of the 
Science and Art Department, South Kensington. With numer- 
ous full-page plates and diagrams. 8vo, cloth, illustrated . . $1 .00 

and THAWj J. Advanced Perspective, involving the 

Drawing of Objects when placed in Oblique Positions, Shadows 
and R^ections. Arranged to meet the requirements of Archi- 
tects, Draughtsmen, and Students preparing for the Perspective 
Examination of the Education Depairtment. With numerous full- 
page plates and diagrams. 8vo. cloth, illustrated $1 . 50 

DAVIES, E. H. Machinery for Metalliferous Mmes. 

A Practical Treatise for Mining Engineers, Metallurgista and 
Managers of Mines. With upwards of 400 illustrations. Second 
Edition, revrritten and enlarged, 8vo, doth net, $8.00 

DAVIESy D. C. A Treatise on Metalliferous Minerals and 

Mining. Sixth Edition, thoroughly revised and much enlarged by his 
son. Svo, cloth net, IS.OO 

Mining Machinery In Press, 

DAVISON, G. C, Lieut. Water-tube Boilers In Press. 
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DAY, C. The Indicator and its Diagrams. With Chap 

ters on Engine and Boiler Testing; including a Table of Hstan 
Constants compiled by W. H. Fowler. 12mo, cloth. 126 illus- 
trations $2.06 

DEITE, Dr. C. Manual of Soapmaking, including medi- 
cated soaps, stain-removing soaps, metal polishing soaps, soap 
powders ana detergents. With a treatise on perfumes for scented 
soaps, and their production and tests for purity and strength. 
Edited from the text of numerous experts. Translated from the 
original by S. I. King, F.C.S. With figures. 4to, cloth, illustrated. 

net, $5.00 

DE LA COUX, H. The Industrial Uses of Water. With 

numerous tables, figures, and diagrams. Translated from the 
French and revised by Arthur Morris. 8vo, cloth net, $4 . 50 

DENNY, G. A. Deep-level Mines of the Rand, and their 

future development, considered from the commercial point of 
view. With folding plates, diagrams, and tables. 4to, cloth, 
illustrated net, $10.00 

DERR, W. L. Block Signal Operation. A Practical 

Manual. Pocket Size. Oblong, cloth. Second Edition $1 .50 

DIBDIN, W. J. Public Lighting by Gas and Electricity. 

With tables, diagrams, engravings and full-page plates. 8vo, 
doth, illustrated.. net, $8.00 

Purification of Sewage and Water. With tables, 

engravings, and folding plates. Third Edition, revised and 
enSxrged, 8vo, doth, illus. and numerous folding plates $6.50 

DIETERICH, K. Analysis of Resins, Balsams, and Gum 

Resins: their Chemistry and Pharmacognosis. For the use of 
the Scientific and Technical Research Chemist. With a Bibliog- 
raphy. Translated from the German, by Chas. Salter. 8vo. 
doth nc«, $3.00 

DECON, D. B. The Machinist's and Steam Engineer's 

Practical Calculator. A Compilation of Useful Rules and Prob- 
lems arithmetically solved, together with General Information 
applicable to Shop-tools, Mill-gearing, Pulle3rs and Shafts, Steam- 
boilers and Engines. Embracing \^uable Tables and Instruc- 
tion in Screw-cutting, Valve and Link Motion, etc. Third Edition. 
16mo, full morocco, pocket form $1 . 25 

DOBLE, W. A. Power Plant Construction on the Pacific 

Coast In Press^ 
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DODD, GEO. Dictionary of Manufactures, Mining, Ma- 
chinery, and the Industrial Arts. 12mo, cloth $1 .50 

DORR, B. F. The Surveyor's Guide and Pocket Table- 
book. Fifth Edition^ thoroughly revised and greatly extended. 
With a second appendix up to date. 16mo, morocco flaps. . $2 . 00 

DRAPER, C. H. An Elementary Text-book of Light, 

Heat and Sound, with Numerous Examples. Fourth Edition, 
12mo, doth, illustrated $1 .00 

Heat and the Principles of Thermo-dynamics. With 

many illustrations and numerical examples. 1 2mo, cloth. . . $1 . 50 

DTSON, S. S. Practical Testing of Raw Materials. A 

Concise Handbook for Manufacturers, Merchants, and Users of 
Chemicals, Oils, Fuels, Gas Residuals and By-products, and 
Paper-making Materials, with Chapters on Water Analysis and 
the Testing of Trade Efliuents. 8vo, doth, illustrations, 177 
pages net, $5.00 

ECCLES, R. G. (Dr.), and DUCKWALL, E. W. Food Pre- 
servatives: their Advantages and Proper Use; The Practical 
tereue the Theoretical Side of the Pure Food Problem. 8vo, 

paper $0.60 

Cloth 1 .00 

EDDY, H. T., Prof. Researches in Graphical Statics. 

Enibraoing New Constructions in Graphical Statics, a New General 
Method in Graphical Statics, and the Theory of Internal Stress 
in Graphical Statics. 8vo, doth $1 .50 

MaTimiim Stresses tinder Concentrated Loads. Treated 

graphically. Illustrated. 8vo, cloth $1 .50 

EISSLER, M. The Metallurgy of Gold. A Practical Treatise 

on the Metallurgical Treatment of Gold-bearing Ores, induding 
the Processes of Concentration and Chlorination, and the Asaiy- 
ing, Mdting and Refining of Gold. Fifth Edition, revised and 
greaUy enlarged. Over 300 illustrations and numerous folding 
plates. 8vo, cloth $7.50 

•»— The Hydro-Metallurgy of Copper. Being an Account 

of processes adopted in the Hydro-metallurgical Treatment of 
^ipriferous Ores, induding the Manufacture of Copper Vitriol. 
With chapters on the soiuxses of supply of Copper and the Roasting 
of Copper Ores. With numerous diagrams and figures^ Svo, 
doth. Illustrated net, $4.50 
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EISSLER, H. Tbe Metallurgy of Silver. A Practical 

Treatise on the Amalgamation, Roasting and Lixiviation of Silver 
Ores, including the Assaying, Melting and Refining of Silver 
Bullion. 124 ulustrations. Second Edition, enlarged, 8vo, cloth. 

$4.00 

The Metallurgy of Argentiferous Lead. A Practical 



Treatise on the Smelting of Silver-Lead Ores and the Refimin^ of 
Lead Bullion. Including Reports on Various Smelting Establish- 
ments and Descriptions of Modem Smelting Furnaces and Plants 
in Europe and America. With 183 illustrations. 8vo, cloth, 

$5.00 

Cyanide Process for the Extraction of Gold and its 

Practical Application on the Witwatersrand Gold Fields in South 
Africa. Third EdUiony revised and enlarged. Illustrations and 
folding plates. 8vo, cloth $3 .00 

A Handbook on Modem Explosives. Being a Prac- 
tical Treatise on the Manufacture and Use of Dynamite, Gun- 
cotton, Nitroglycerine, and other Explosive Compounds, in- 
cluding the manufacture of Collodion-cotton, with chapters on 
Explosives in Practical Application. Second Edition, enlarged 
witk 150 illustraiions, 12mo, cloth $5.00 

ELIOT, C. W.y and STORER, P. H. A Compendious. 

Manual of Qualitative Chemical Anahrsis. Revised with the co- 
operation of the authors, by Prof. William R. Nichols. Illus- 
trated. Tioentieth Edition, newly revised by Prof. W, B, Lindsay. 
12mo, cloth net Al,2& 

ELLIOT, G. H., Maj. European Light-house Systems. 
Bein^ a Report of a Tour of Inspection made in 1873. 51 en* 
gravmgs and 21 woodcuts. 8vo, cloth $5.00 

ERFURT, J. Dyeing of Paper Pulp. A Practical Treatise 

for the use of paper-makers, papernstainers, students and others, 
With illustrations and 157 patterns of paper dyed in the pulp, 
with formulas for each. Translated into English and edited, 
with additions, by Julius Hiibner, F.C.S. 8vo, cloth, illus- 
trated w€/, $7.60 

EVERETT, J. D. Elementary Text-book of Physics. 

Illustrated. Seventh Edition, 12mo, doth $1 .50 

EWING, A. J.y Prof. The Magnetic Induction in Iron 

and other metals. Third Edition, revised, 150 illustrations 
8vo, doth $4.00 
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FAIRIEy J.^F.6.S. Notes on Lead Ores: Their Distribu- 
tion and Froperties. 12mo, cloth $1 .00 

Notes on Pottery Clays: The Distribution, Properties, 

Uses and Analysis of Ball Clays, China Clays and China Stone. 
With tables and fonnulse. 12mo, cloth $1 . 50 

FANNING, J. T. A Practical Treatise on Hydraulic and 

Water-supply Engineering. Relating to the Hydrology, Hydro- 
djmamics and Practical Construction of Water-works in North 
America. 180 illus. 8vo, cloth. Sixteenth Edition^ revised, en- 
larged, and new tables and illtistrcUions added. 650 pp $5.00 

FAY, I. W. The Coal-tar Colors: Their Origin and Chem- 
istry. 8vo, cloth, illustrated In Press. 

FERNBACH, R. L. Glue and Gelatine ; a Practical Trea- 
tise on the Methods of Testing and Use. i2nio, cloth. .In Press, 

FISH, J. C. L. Lettering of Working Drawings. Thir- 
teen plates, with descriptive text. Oblong, 9 X 12^, boards . $1 . 00 

FISHER, H. K. C, and DARBY, W. C. Students' Guide 

to Submarine Cable Testing. Third (new and enlarged) Edi- 
tion, 8vo, cloth, illustrated $3 . 50 

FISHER, W. C. The Potentiometer and its Adjuncts. 

8vo, cloth $2.25 

FISKE, B. A., Lieut., n.S.N. Electricity in Theory and 

Practice ; or, The Elements of Electrical Engineering. Eighth 
Edition, 8vo, cloth $2.50 

FLEISCHMANN, W. The Book of the Dairy. A Manual 

of the Science and Practice of Dairy Work. Translated from 
the German, by C. M. Aikman and R. Patrick Wright. 8vo, 
cloth $4.00 

FLEMING, J. A., Prof. The Alternate-current Trans- 
former in Theory and Practice. Vol. I., The Induction of Electric 
Currents; 611 pages. iV^eip ^difion, illustrated. 8vo, cloth, 15.00 
Vol. II., The Utilization of Induced Currents. Illustrated. 8vo, 
cloth $5.00 

Centenaxy of the Electrical Current, 1799-1899. 

8vo, paper, illustrated $0 . 60 
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FLEMING^ J. A.y Prof. Electric Lamps and Electric Light- 
ing. Being a course of four lectures delivered at the Royal Insti- 
tution, April-May, 1894. 8vo, doth, fully illustrated $3.00 

Electrical Laboratory Notes and Forms, Elementary 

and Advanced. 4to, cloth, iUustrated $5 . 00 

A Handbook for the Electrical Laboratory and Test- 
ing Room. 2 volumes. 8vo, cloth each $5.00 

FLEURY, H. The Calculus Without Limits or Infinitesi- 
mals. Translated by C. O. Mailloux In Press 

FOLEY, N., and PRAY, THOS., Jr. The Mechanical 

Engineers' Reference Book for Machine and Boiler CJonstruction, 
in two parts. Part 1 — Greneral Engineering Data. Part 2 — 
Boiler Construction. With 61 plateis and niunerous illustrations, 
specially drawn for this work. FoUo, half morocco. New Edi- 
tion In Press, 

FORNEY, M. N. Catechism of the Locomotive. Second 

Edition, revised and enlarged. 46th thousand. 8vo, doth. .$3.50 

FOSTER, H. A. Electrical Engineers* Pocket-book. With 

the Collaboration of Eminent Specialists.. A handbook of useful 
data for Electricians and Electrical Engineers. With innumer- 
able tables, diagrams, and figures. Third Edition, revised 
Pocket size, full leather. 1000 pp. . . . $5.00 

FOSTER, J. 6., Gen., n.S.A. Submarine Blasting in 

Boston Harbor, Massachusetts. Removal of Tower and CJorwin 
Rocks. Illustrated with 7 plates. 4to, cloth $3 . 50 

FOSTER, T. Treatise on the Evaporation of Saccharine, 

Chemical and other Liquids by the Multiple System in Vacuum 
and Open Air. Third Edition. Diagranui and laige plates. 
8vo, cloth $7.50 

FOX, WM., and THOMAS, C. W., M.E. A Practical 

Course in Mechanical Drawing. Second Edition, revised. 12mo, 
cloth, with plates $1.25 

FRANCIS, J. B., C.)S. Lowell Hydraulic Experiments. 

Being a selection from experiments on Hydraulic Motors on 
the flow of Water over Weuw, in Open Canials of uniform rect- 
angular section, and through submerged Orifices and diverging 
Tubes. Made at Lowell, Mass. Fourth Edition, revised arS 
enlarged, with man^ new experiments, and illustrated with 23 
copper-plate engravmgs 4to, cloth $15.00 
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FRASER, R. H.y and CLARK, C. H. Marine Engineering. 

In Press. 

FULLER, 6. W. Report on the Investigations into the 

Purification of the Ohio River Water at Louisville, Kentucky, 
made to the President and Directors of the Louisville Water 
Company. Published under agreement with the Directors. 
3 full-page plates. 4to, cloth net, $10.00 

FURITELL, J. Students* Manual of Paints, Colors, Oils 

and Varnishes. 8vo, cloth, illustrated net, $1 .00 

GARCEX, E., and FELLS, J. M. Factory Accounts: 
their principles and practice. A handbook for acooimtants and 
manufacturers, with appendices on the nomenclature of machine 
details, the rating of factories, fire and boiler insurance, the 
factory and workshop acts, etc., including also a large number 
of specimen rulings. Fifth Ediiion, revised and extended. 8vo, 
cloth, illustrated $3.00 

GEIKIE, J. Structural and Field Geology^ for Students of 

Pure and Applied Science. With figures, diagrams, and half- 
tone plates. 8vo, cloth, illustrated net, $4.00 

GERBER, N. Chemical and Physical Analysis of Milk, 

Condensed Milk, and Infants' Milk-food. 8vo, doth $1 . 25 

GERHARD, WH. P. Sanitary Engineering. i2mo, 
doth $1 .25 

GESCHWINDy L. Manufacture of Alum and Sulphates, 

and other Salts of Alumina and Iron; their uses and applications 
as mordants in dyeing and calico printinjs, and their other appli- 
cations in the Arts, Manufactures, Sanitary Engineering, Am- 
culture and Horticulture. Translated from the French oy 
Charles Salter. With tables, figures and diagrams. 8vo, doth, 
illustrated net, $6.00 

GIBBS, W. E. Lighting by Acetylene, Generators, Burners 

and Electric Furnaces. T^th 66 illustrations. Second Edition, 
revised. 12mo, cloth $1 . 60 

GILLMORE, Q. A., Gen. Treatise on Limes, Hydraulic 

Cements and Mortars. Papers on Practical Engineering, United 
States Elngineer Department, No. 9, containing Reports of nu- 
merous Experiments conducted in New York City during the 
years 185S to 1861, inclusive. With numerous ' illustrations. 
8vo, doth $4 . 00 
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GILLMOREy Q. A., Gen. Practical Treatise on the Con- 
struction of Roads, Streets and Pavements. Tenth Edition, With 
70 illustrations. 12mo, cloth $2.00 

Report on Strength of the Building Stones in the 

United States, etc. 8vo, illustrated, cloth $1 .00 

GOLDING, H. A. The Theta-Phi Diagram. Practically 

Applied to Steam, Gas, Oil and Air Engines. 12mo, cloth, 
illustrated net,%l.25 

GOODEVE, T. M. A Text-book on the Steam-engine. 

With a Supplement on Gas-engines. Twelfth Edition^ enlarged. 
143 illustrations. 12mo, cloth $2.00 

GORE, G.y F.R.S. The Art of Electrolytic Separation of 

Metals, etc. (Theoretical and Practical.) Illustrated. 8vo, 
cloth $3.60 

GOULDy E. S. The Arithmetic of the Steam-engine. 

8vo, cloth $1 .00 

Practical Hydrostatics and Hydrostatic Formulas. 

With nimierous figures and diagrams. {Van Nostrand^s Science 
Series.) 16mo, cloth, iUustrated, 114 pp $0.50 

GRAY, J.y B.Sc. Electrical Influence Machines: Their 

Historical Development, and Modem Forms, with instructions 
for making them. With numerous figures and diagrams. Second 
Editiont revised and enlarged. 12mo, doth, illus., ^6 pp $2. 00 

GREENWOOD, E. Classified Guide to Technical and Com- 
mercial Books. Subject List of Principal British and American 
Works in print. 8vo, cloth net^ $3 .00 

GRIFFITHS, A. B., Ph.D. A Treatise on Manures, or 

the Philosophy of Manuring. A Practical Handbook for the 
Agriculturist, Manufacturer, and Student. 12mo, cloth. . . $3 . 00 

Dental Metallurgy. A Manual for Students and 

Dentists. 8vo, cloth, illustrated, 208 pp net, $3.50 

GROSS, E. Hops, in their Botanical, Agricultural and 

Technical Aspect, and as an article of Commerce. Translated 
from the German by Charles Salter. With tables, diagrams, 
and illustrations. Svo, cloth, illustrated net, $4.50 
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GROVER, F. Practical Treatise on Modem Gas and 

Oil Engines. 8vo, cloth, illustrated net, $2.00 

GRUNERy A. Power-loom Weaving and Yam Number* 

ing, according to various systems, with conversion tables. Aa 
auxiliary ana. text-book for pupils of weaving schools, as well 
as for self -instruction, and for general use by those engaged in 
the weaving industry. Illustrated with colored diagrams. 8vo^ 
cloth. . . , , net, $3 . 00 

GTJRDEN, R. L. Traverse Tables: Computed to Four- 
place Decimals for every single minute of angle up to 100 of 
Distance. For the use of Surveyors and Engineers. New EdUion. 
Folio, half morocco $7 . 50 

GUY, A. E. Experiments on the Flexure of Beams, 

resulting in the Discovery of New Laws of Failure by Buckling. 
Reprinted from the ''American Machinist.'' With diagrams and 
folding plates. 8vo, cloth, illustrated, 122 pages ne<, $1 .2& 

A. F. Electric Light and Power: Giving the Result 

of Practical Experience in Central-station Work. 8vo, cloth, 
iUustrated $2.50 



HAEDERy H.y C.E. A Handbook on the Steam-engine. 

With especial reference to small and medium-sized engines. For 
the use of Engine-makers, Mechanical Draughtsmen, Engineer- 
ing Students and Users of Steam Power. Immslated from the 
German, with considerable additions and alterations, bv H. H. 
P. Powles. Third English Edition, revised, 8vo, cloth, illus- 
trated, 458 pages $3.00 

HALL, C. H. Chemistry of Paints and Paint Vehicles. 

8vo, cloth net, $2.00 



- W. S.y Prof. Elements of the Differential and In* 

tegral Calculus. Sixth Edition, revised, 8vo, cloth, illustrated. 

net, $2.25 

— Descriptive Geometrv, with Numerous Problems and 

Practical Applications. Comprising an 8vo volume of 76 pages 
of text and a 4to atlas of 31 plates. 2 vols., doth. . . . n«t, $3.50 
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HALSEY, F. A. Slide-valve Gears. An Enlanation of 

the Action and Construction of Plain and Cut-on Slide Valves. 
lUustrated. Seventh Edition. 12mo, cloth $1 ,50 

The Use of the Slide Rule. With illustrations and 

folding plates. Second Edition, 16mo, boards. {Van Noa- 
trand^s Science Seriee, No. 114.) 50 

The Locomotive link Motion, with Diagrams and 

Tables. 8vo, cloth, illustrated $1 .00 

Worm and Spiral Gearing. Revised and Enlarged 

Edition. 16mo, cloth (Van Nostrand^s Science Series, No. 116.) 
Illustrated 50 

The Metric Fallacy, and ''The Metric Failure in 

the Textile Industry," by Samuel S. Dale. 8vo, cloth, iUus- 
trated $1 .00 

HAMILTON, W. G. Useful Information for Railway 

Men. Tenth Edition^ revised and enlarged. 562 pages, pocket 
fonn. Morocco, gilt $2.00 

HAMMER, W. J. Radium, and Other Radio-active Sub- 
stances; Polonium, Actinium and Thorium. With a considera- 
tion of Phosphorescent and Fluorescent Substances, the Proper- 
ties and Applications of Selenium, and the treatment of disease 
by the Ultra-Violet Light. Second Edition. With engravings 
and photographic plates. 8vo, cloth, iUustrated, 72 pp.. . $1.00 

HANCOCK, H. Text-book of Mechanics and Hydro- 
statics, with over 500 diagrams. 8vo, cloth net^ $1 . 50 

HARDY, E. Elementary Principles of Graphic Statics. 

Containing 192 diagrams. 8vo, clotn, illustrated $1 .50 

HARRISON, W. B. The Mechanics' Tool-book. With 

Practical Rules and Suggestions for use of Machinists, Iron- 
workers and others. Witn 44 engravings. 12too, cloth $1 .50 

HART« J. W. External Plumbing Work. A Treatise on 

Lead Work for Roofs. With numerous figures and diagrams. 
8vo, cloth, illustrated net, $3 .00 

Hints to Plumbers on Joint Wiping, Pipe Bending, 

and Lead Burning. Containing 184 figures and diagrams. 8vo, 
cloth, illustrated net, $3.00 
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HART, J, W. Principles of Hot-water Supply, With 

numerous illustrations. 8vo, cloth net, $3 .00 

Sanitary Plumbing and Drainage. With numerous 

diagrams and figures. 8vo, doth, illustrated net, $3.00 

HASKDTS, C. H. The Galvanometer and its Uses. A 

Manual for Electricians and Students. Fourth Edition, 12mo. 
cloth $1.60 

HAUFF, W. A. American Multiplier: Multiplications and 

Divisions of the laigest numbers rapidly performed. With index 
eiving the results instantly of all numbers to 1000x1000-1,000,- 
000; also tables of circumferences and areas of circles. Cloth, 
6iXl6J $6.00 

HAUSBRAND, E. Drying by Means of Air and Steam. 

With explanations, formiuiEiS, and tables, for use in practice. 
Translated from the German by A. C. Wright, M.A. 12mo, 
cloth, illustrated net, $2.00 

Evaporating, Condensing and Cooling Apparatus: 

Explanations, Formul®, and Tables for Use in Practice. Trans- 
lated from the Second Revised German Edition by A. C. Wright, 
M.A. With numerous figures, tables and diagrams. 8vo, cloth, 
illustrated, 400 pages net, $6.00 

HAUSNERi A. Manufacture of Preserved Foods and 

Sweetmeats. A Handbook of aU the Processes for the Preserva- 
tion of Flesh, Fruit, and Vegetables, and for the ^paration of 
Dried Fruit, Dried Vegetables, Marmalades, Fruit-syrups, and 
Fermented Beverages, and of all kinds of Candies, Candied Fruit 
Sweetmeats, Rocks, Drops, Dragees, Pralines, etc. Translated 
from the Third Enlarged German Edition, by Arthur Morris and 
Herbert Robson, B.Sc. 8vo, cloth, illustrated net, $3.00 

HAWEE, W. H. The Premier Cipher Telegraphic Code, 

containing 100,000 Words and Phrases. The most complete and 
most useful general code yet published. 4to, cloth $6.00 

100,000 Words Supplement to the Premier Code. 

All the words are selected from the official vocabulary. Oblons 
quarto, cloth $6.00 

HAWKES^ORTH, J. Graphical Handbook for Rein- 
forced Concrete Design. A series of plates, showing graphically, 
by means of plotted curves, the required design for sGtbs, beams, 
and columns under various conditions of external loading, together 
with practical examples showing the method of using each plate. 
8vo, cloth In Press. 
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HAWKINS, C. C, and WALLIS, F. The Dynamo: its 

Theory, Design, and Manufacture. 190 illufitrations. 12mo, 
cloth net, $3.00 

HAY, A. Alternating Currents; Their Theory, Genera- 
tion, and Transformation. 8vo, cloth, illustrated net, %2 . 50 

Principles of Altemate-ctirrent Working. i2mo, 

cloth, illustrated $2.00 

HEAP, D. P., Major, ir.S.A. Electrical Appliances of 

the Present Day. Report of the Paris Electrical Exposition of 
1881. 250 illustrations. 8vo, cloth $2.00 

HEAVISIDE, 0. Electromagnetic Theory. 8vo, cloth. 

two volumes each, $6.00 

HECE:, R. C. H. Steam-Engine and Other Steam Motors. 

A text-book for engineering colleges and a treatise for engineers. 
Vol. I. The Thermodynamics and the Mechanics of the En^ne. 
With numerous figures, diagrams, and tables. 8vo, cloth, ulus- 

trated net, $3.50 

Vol. II. Form, Construction, and Working of the Engine: The 
Steam Turbine. 8vo, cloth, illustrated net, $3.50 

HEDGES, K. Modem Lightning Conductors. An Illus- 
trated Supplement to the Report of the Liehtning Research Ck>m- 
mittee of 1905, with Notes as to Methods of Protection and Speci- 
fications. With figures, half-tones, and folding tables. 8vo, cloth, 
illustrated net, $3.00 

HEERMANN, P. Dyers' Materials. An Introduction to 

the Examination, Valuation, and Application of the most impor- 
tant substances used in Dyeing, Pnnting, Bleaching and Finish- 
ing. Translated by Arthur C. Wright, M.A. 12mo; cloth, illus- 
trated net,%2.50 

HENRICI, 0. Skeleton Structures, Applied to the Build- 
ing of Steel and Iron Bridges. 8vo, cloth, illustrated $1 . 50 

HERMANN, F. Painting on Glass and Porcelain and 

Enamel Painting. On the basis of Personal Practical Experience 
of the Condition of the Art up to date. Translated by Charies 
Salter. Second greaUy enlarged edition, 8vo, cloth, illustrated, 

n««,$3.50 

HERRMANN, 6. The Graphical Statics of Mechanism. 

A Guide for the Use of Machinists, Architects and Engineers; and 
also a Text-book for Technical Schools. Translated and anno- 
tated by A. P. Smith, M.E. FouHh Edition, 12mo, cloth, 7 
folding plates $2.00 
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HERZFELD, J., Dn The Technical Testing of Yams and 

Textile Fabrics, with reference to official specifications. Trans- 
lated by Chas. Salter. With 69 illustrations. 8vo, cloth net,%3.S0 

HEWSON, W. Principles and Practice of Embanking 

Lands from River Floods, as applied to the Levees of the Missis- 
sippi. 8vo, cloth $2.00 

HILLy J. W. The Purification of Public Water Supplies. 

Illustrated with valuable tables, diagrams, and cuts. 8vo, 
cloth $3 . 00 

HIROIy I. Statically-Indeterminate Stresses in Frames 

Commonly Used for Bridges. With figures, diagrams, and ex- 
amples. 12mo, cloth, illustrated net^ $2 .00 

HOBBS, W. R. P. The Arithmetic of Electrical Measure- 
ments, with numerous examples, fully worked. Revised by 
Richard Wormell, M.A. Ninth Edition. 12mo, cloth 50 

HOFFy J. N. Paint and Varnish Facts and Formulas. A 

hand-book for the maker, dealer, and user of paints and var- 
nishes. Containing over 600 recipes. Svo, cloth net^ $3.00 

HOFF, WH. B., Com., ir.S.N. The Avoidance of Collisions 
at Sea. 18mo, morocco 76 

HOLLEY, A. L. Railway Practice. American and Euro- 
pean Railway Practice in the Economical Generation of Steam, 
including the Materials and Construction of Coal-burning Boilers, 
Combustion, the Variable Blast, Vaporisation, Circulation, Super* 
heating, Supplying and Heating Feed Water, etc., and the 
Adaptation of Wood and Coke-burning Engines to Coal-buminff; 
and in Permanent Way, including Road-D«d, Sleepers, Raifi, 
Joint Fastenings, Street Railways, etc. With 77 hthographed 
plates. Folio, cloth $12.00 

HOLMES, A. B. The Electric Light Popularly Explained. 

Fifth EdiHon, Blustrated. 12mo, paper 40 

HOPKINS, N. H. Experimental Electrochemistry: Theo- 
retically and Practically Treated. With 132 figures and dia- 
grams. Svo, cloth, illustrated net, $3 .00 

Model Engines and Small Boats. New Methods of 

Engine and Boiler Making, with a chapter on Elementary Ship 
Design and Construction. 12mo, doth $1 .25 



26 D. VAN NOSTRAND COMPANY'S 

HORHER. J. Engineers' Turning, in Principle and Prac- 
tice. A Handbook for Working Engineers, TecEinical Students, 
and Amateurs. With 488 figures and diagrams. 8vo, cloth, 
illustrated net, $3.50 

HOUSTON, E. J., and KENNELLY, A. E. Algebra Hade 

Easy. Being a clear explanation of the Mathematical FormulsB 
found in Prof. Thompson's "Dynamo-electric Machinery and 
Polyphase Electric Currents." With figures and examples. 8vo, 
cloth, illustrated 76 

The Interpretation of Mathematical Formulae. With 

figures and examples. 8vo, cloth, illustrated $1 . 25 

HOWARD, C. R. Earthwork Mensuration on the Basis 

of the Prismoidal Formuls. Containing Simple and Labor-savinff 
Methods of obtaining Prismoidal Contents directly from End 
Areas. Illustrated by Examples and accompanied by Plain 
Rules for Practical Use. Illustrated. Svo, cloth $1 . 50 

HOWORTH, J. Art of Repairing and Riveting Glass, 

China and Earthenware. Second EdiHon. 8yo, pamphlet, illus- 
trated netf%0.50 

HUBBARD, E. The Utilization of Wood-waste. A Com- 

d|ete Account of the Most Advantageous Methods of Working Up 
Wood Refuse, especially Sawdust, Exhausted Dye Woods and 
Tan as Fuel, as a Source of Chemical Products for Artificial Wood 
Compositions, Explosives, Manures, and many other Technical 
Purposes. Translated from the German of the second revised 
cmd enlarged edition, 8vo, cloth, illustrated, 192 pages . . net, %2 . 50 

HUMBER, W., C.E. A Handy Book for the Calculation 

of Strains in Girders, and Similar Structures, and their Strength; 
consisting of FormulsB and Corr^ponding Diagrams, with numer- 
ous details for practical application, etc. Fourth Edition. 12mo, 
cloth $2.50 

HUMPHREYS, A. C. (Stevens Institute). Lecture Notes 
on some of the Business Features of Engineering Practice. 8vo, 
cloth, with supplement net, $1 .25 

HURST, G. H., F.C.S. Colon A Handbook of the Theory 

of Color. A practical work for the Artist, Art Student, Painter, 
Dyer and Calico Printer, and Others. Illustrated with 10 colored 
plates and 72 illustrations. 8vo, cloth net, $2.50 

« Dictionary of Chemicals and Raw Products Used 

in the Manufacture of Paints, Colors, Varnishes and Allied Prep- 
arations. 8vo, cloth net, $3 .00 
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HURST, 6.H.y F.C.S. Lubricating Oils, Fats and Greases: 

Their Origin, Preparation, Properties, UseB and Analysis. 313 
pages, with 65 illustrations. Svo, doth net^ $3 .00 



— Soaps. A Practical Manual of the Manufacture of 

Domestic, Toilet and other Soaps. Illustrated with 66 engrav- 
ings. Svo, cloth nett $5.00 

Textile Soaps and Oils: A Handbook on the Prepara- 



tion, Properties, and Analysis of the Soaps and Oils Used in 
Textile Manufacturing, Dydng and Printing. With tables and 
illustrations. Svo, doth net, $2.50 

HUTCHINSON, R. W., Jr. Long Distance Electric Power 

Transmission: being a Treatise on the Hydro-electric Genera- 
tion of Energy; its Transformation, Transmission, and Distri- 
bution. 12mo, cloth, illustrated In Press, 

and IHLSEN6. M. C. Electricity in Mining; being a 

Theoretical and Practical Treatise on the Ck>nstruction, Opera- 
tion, and Maintenance of Electrical Mining Machinery. 12mo, 
cloth, illustrated In Press, 

W. B. Patents and How to Make Money out of 

Them. 12mo, doth $1 .25 

HUTTON, W. S. Steam-boiler Construction. A Practical 

Handbook for Engineers, Boiler-makers and Steam-users. Con- 
taining a larse collection of rules and data relating to recent 
practice in the design, construction and woridng of aU kinds 
of stationary, locomotive and marine steam-boilers. With up- 
wards of 540 illustrations. Foyrih EdiHon, earefvUy revised and 
much enlarged. Svo, doth $6.00 

Practical Engineer's Handbook, comprising a Treatise 

on Modem Engines and Boilers, Marine, Locomotive and Station- 
ary. Fourth Edition, carefully revised, with additions. With 
upwards of 570 illustrations. Svo, doth $7.00 

The Works' Manager's Handbook of Modem Rules, 

Tables and Data for Civil and Mechanical Engineers, Mill- 
wrists and Boiler-makers, etc., etc. With upwards of 150 illus- 
trations. Fifth Edition, carefully revised, with additions. Svo, 
cloth $6.00 

INGLE, H. Manual of Agricultural Chemistry. Svo, 
doth, illustrated, 3SS pages tie^, $9.00 
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INNES, C. H. Problems in Machine Design. For the 

use of Students, Draughtsmen and others. Second EdiHon, 12mo, 
cloth net, $2.00 

Centrifugal Pumps, Turbines and Water Motors. In- 
cluding the Theory and Practice of Hydraulics. Fourth and en- 
larged edition, 12mo, cloth net, $2.00 

ISHERWOODy B. F. Engineering Precedents for Steam 

Machinery. Arranged in the most practical and useful manner 
for Engineers. With illustrations. Two volumes in one. 8vo, 
cloth $2.50 

JAMIESONy A., C.E. A Text-book on Steam and Steam- 
engines. Specially 'arranged for the use of Science and Art, City 
and Guilds of London Institute, and other Engineering Students. 
Thirteenth Edition, Illustrated. 12mo, cloth $3 . 00 

Elementary Manual en Steam and the Steam-engine. 

Specially arranged for the use of First-year Science and Art, City 
and Guilds of London Institute, and other Elementary Engineer- 
ing Students. Third Edition. 12mo, cloth $1 .60 

JANNETTAZ, E. A Guide to the Determination of Rocks: 

beinjK an Introduction to Lithology. Translated from the French 
by G. W. Plympton, Professor of Physical Science at Brooklyn 
Pol3rtechnic Institute. 12mo, cloth $1 . 50 

JEHL, F.9 Mem. A.I.E.E. The Manufacture of Carbons 

for Electric Lighting and Other Purposes. A Practical Handbook, 
giving a complete description of the art of making carbons, electros, 
etc. The various gas generators and furnaces used in caii>onizingy 
with a plan for a model factory. Illustrated with numerous dia- 
grams, tables, and folding plates. 8vo, cloth, illustrated, net, $4 . 00 

JENNISON, F. H. The Manufacture of Lake Pigments 

from Artificial Colors. A iiseful handbook for color manufao- 
turere, dyers, color chemists, paint manufacturers, drysalters, 
wallpa^r-makers, enamel and surface-paper makers. With 15 
plates illustrating the various methods and errors that arise in 
the different processes of production. 8vo, cloth net, $3.00 

JEPSONy 6. Cams, and the Principles of their Construc- 
tion. With figures, half-tones, full-page and folding plates. 8vo, 
doth, illustrated net, $1 .50 

JOCKIN, WM. Arithmetic of the Gold and Silversmith. 

Prepared for the use of Jewelers, Founders, Merchants, etc., 
especially for those engaged in the conversion and allo3ring of 
ffold or other metals, the mixing of various substances, etc. 
With numerous examples. 12mo, cloth $1 .25 
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JOHNSON, W. McA. "The MctaUurgy of Nickel." In Press. 

JOHNSTON, J. F, W., Prof., and CAMERON, Sir Chas. 

Elements of Agricultiiral Chemistry and Geology. Seventeenth 
Edition, 12mo, cloth $2.60 

JONES, H. C. Outlines of Electrochemistry. With 

tables and diagrams. 4to, cloth, illustrated $1 . 50 

Electrical Nature of Matter and Radioactivity. i2mo, 

cloth nety $2.00 

JONES, M. W. The Testing and Valuation of Raw Mate- 
rials used in Paint and Color Manufacture. 12mo, cloth, . net, $2 . 00 

JOYNSON, F. H. The Metals Used in Construction. 

Iron, Steel, Bessemer Metal, etc. Illustrated. 12mo, cloth. . . .75 

Designing and Construction of Machine Gearing. 

Illustrated. 8vo, cloth $2.00 

jtjPTNER, H. F. V. Siderology: The Science of Iron. 

(The Constitution of Iron Alloys and Iron.) Translated from 
the German. 8vo, cloth, 345 pages, illustrated net, $5.00 

KANSAS CITY BRIDGE, THE. With an Account of 

the Regimen of the Missouri River and a Description of the 
Methods used for Founding in that River, by O. Chanute, Chief 
Endneer, and Geor;^ Monson, Assistant Engineer. Illustrated 
with 5 lithographic views and 1 2 plates of plans. 4to, cloth. $6 . 00 

KAPP, G., C.E. Electric Transmission of Energy and 

its Transformation, Subdivision and Distribution. A practical 
handbook. Fourth Edition^ revised, 12mo, cloth $3.50 

Dynamos, Motors, Alternators and Rotary Con- 
verters. Translated from the third Oerman edition, by Harold 
H. Sinmions, A.M.I.E.E. With nimierous diagrams and figures. 
8vo, cloth, 507 pages $4.00 

KEIM, A. W. Prevention of Dampness in Buildings. 

With Remarks on the Causes, Nature and Effects of Saline Efflo- 
rescences and Dry Rot. For Architects, Builders, Overseers, 
Plasterers, Painters and House Owners. Translated from the 
second revised, German edition. With colored plates and dia- 
grams. 8vo, doth, illustrated, 115 pages net, $2.00 

KELSEY, W. R. Continuous-current Dynamos and 

Motord, and their Control: being a series of articles reprinted 
from The Practical Engineer, and completed by W. R. Kelsey. 
With many figures and diagrams. 8vo, cloth, illustrated. . . $2 . 50 
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KEMP. J. F., AJB.j EM. (Columbia Univ.). A Handbook 
of Hocks. For use without the microscope. With a glossary of 
the names of rocks and of other lithological terms. Third Edition, 
revised. 8vo, cloth, illustrated SI .50 

EEHPEy H. R. The Electrical Engineer's Pocket-book 

of Modem Rules, FormulsB, Tables and Data. Illustrated. 
32mo, morocco, gilt $1 .75 

KEiniTEDYy R. Modem Engines and Power Generators. 

A Practical Work on Prime Movers and the Transmission of 
Power: Steam, Electric, Water, and Hot-air. With tables, fig- 
ures, and full-page engravings. 6 vols. 8vo, cloth, illustrated. 

$15.00 
Single volumes, each $3 .00 

Electrical Installations of Electric Light, Power, 

Traction, and Industrial Electrical Machinery. With numerous 
diagrams and engravings. 

Vol. I. The Electrical Circuiti Measurement, Ele- 
ments of Motors, Dynamos, Electrolysis. 8vo, doth, illus. . $3.50 

Vol. II. Instruments, Transformers, Installation Wir- 
ing, Switches and Switchboards. 8vo, doth, illustrated. . . . $3.50 

Vol. in. Production of Electrical Energy, Prime 

Movers, Generators and Motors. 8vo, doth, illustrated. . . $3.60 

Vol. IV. Mechanical Gearing; Complete Electric In- 
stallations; Electrol3rtic, Mining and Heating Apparatus; Electric 
Traction; Special Applications of Electric Motors. Svo, cloth, 
illustrated $3.50 

Vol. V. Apparatus and Machinery used in Tele- 

Ohs, Telephones, Signals, Wireless Telegraph, X-Rays, and 
icai Sdenoe. Svo, cloth, illustrated $3 .50 

Complete sets of the five voliunes $15 .00 

EENNELLY, A. E. Theoretical Elements of Electro- 
dynamic Machinery. Svo, cloth $1 . 50 

EINGDON, J. A. Applied Magnetism. An Introduction 

to the Design of Electromagnetic Apparatus. Svo, doth. . $3.00 
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KINZBRURNER, C. Alternate Current Windings; Their 

Theonr and Construction. A Handbook for Students, Designers, 
and all Practical Men. Svo, cloth, illustrated net, ll . 50 

Continuous Current Armatures; Their Winding and 

Construction. A Handbook for Students, Designers, and all 
Practical Men. 8vo, doth, illustrated net, $1 .50 

S3RKALDY, W. 6. Illustrations of David Kirkaldy's 

System of Mechanical Testing, as Ori^nated and Carried on by 
him during a Quarter of a Century. Comprising a Large Selec- 
tion of Tabulated Results, showing the Strength and other Proper- 
ties of Materials used in Construction, with Explanatory Text 
and Historical Sketch. Numerous engravings and 25 lithographed 
plates. 4to, cloth $10 .00 

KIREBRIDEy T. Engraving for Illustration: Historical 

and Practical Notes, with illustrations and 2 plates by ink 
photo process. 8vo, cloth, illustrated net, $1 .50 

EIRKWOOD, J. P. Report on the Filtration of River 

Waters for the Supply of Cities, as practised in Europe, made 
to the Board of Water Commissioners of the City of St. Louis. 
Illustrated by 30 double-page engravings. 4to, cfoth $7 . 50 

KLEIN, J. F. Design of a High-speed Steam-engine. 

With notes, diagrams, formulas and tables. Second Edittan, 
revised and enlarged. 8vo, cloth, illustrated net, $5.00 

ELEINHANSi F. B. Boiler Construction; A Practical ex- 
planation of the best' modem methods of Boiler Construction, 
from the laying out of sheets to the completed Boiler. With 
diagrams and full-page engravings. 8vo, cloth, illustrated. . $3 .00 

KNIGHT, A. M.y Lieut.-Com. U-S-N. Modem Seaman- 
ship. Illustrated with 136 full-page plates and diagrams. 8vo, 

cloth, illustrated. Second Edition, revised net, $6.00 

Half morocco $7. 50 

KNOTT, C. 6., and HACKAY, J. S. Practical Mathematics. 

With numerous examples, figures and diagrams. New Edition, 
8vo, doth, illustrated $2.00 

KOLLER, T. The Utilization of Waste Products. A 

Treatise on the Rational Utilization, Recoveir and Treatment 
of Waste Products of aU kinds. Translated from the German 
aecond revised edition. With numerous diagrams. 8vo, doth, 
illustrated net,%B. 50 
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KOLLER, T. Cosmetics. A Handbook of the Manufacture, 

Employment and Testing of all Cosmetic Materials and Cosmetic 
Specialties. Translated from the German by Chas. Salter. 8vo. 
cloth net, $2.50 

KRATJCH, C, Dr. Testing of Chemical Reagents for 

Purity. Authorized translation of the Third Edition, by J. A. 
Williamson and L. W. Dupre. With additions and emendations 
by the author. 8vo, cloth net, $4.50 

LAMBERT, T. Lead, and its Compounds. With tables, 

diagrams and folding plates. 8vo, cloth net, $3 .50 

Bone Products and Manures. An Account of 

the most recent improvements in the manufacture of Fat, Glue, 
Animal Charcoal, Size, Gelatine and Manures. With plans and 
diagrams. 8vo, cloth, illustrated net, $3 .00 

LAMBORN, L. L. Cottonseed Products: A Manual of the 

Treatment of Cottonseed for its Products and Their Utib'zation 
in the Arts. With Tables, figures, full-page plates, and a large 
folding map. 8vo, cloth, illustrated net, $3 .00 

Modem Soaps, Candles, and Glycerin. A practical 

manual of modem methods of utilization of Fats and Oils in the 
manufacture of Soaps and Candles, and the recovery of Glycerin. 
8vo, cloth, illustrated net, $7. 50 

LAMPRECHT, R. Recovery Work after Pit Fires. A 

description of the principal methods pursued, especially in fiery 
mines, and of the various appliances employed, such as respira- 
tory and rescue apparatus, dams, etc. With folding plates and 
diagrams. Translated from the (jerman by Charles ^ter. 8vo, 
cloth, illustrated net, $4.00 

LARRABEE, C. S. Cipher and Secret Letter and Tele- 
graphic Code, with Hog's Improvements. The most perfect 
Secret Code ever invented or discovered. Impossible to read 
without the key. 18mo, cloth 60 

LASSAR-COHN, Dr. An Introduction to Modem Scien- 
tific Chemistry, in the form of popular lectures suited to University 
Extension Students and general readers. Translated from the 
author's corrected proofs for the second German edition, by 
M. M. Pattison Muir, M.A. 12mo, doth, illustrated $2.00 
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LATTA, M. N. Gas Engineering Practice. With figures, 

diagrams and tables. b\Of cloth, ulustrated In Press. 

LEASK, A. R. Breakdowns at Sea and How to Repair 

Them. With 89 illustrations. Sec(mdEdiHan. 8vo,cloth. $2.00 

Triple and Quadruple Expansion Engines and Boilers 

and their llaniu^ment. With 50 illustrations. Third Edition, 
revised, 12mo, cloth $2.00 

Refrigerating Machinery: Its Principles and Man- 
agement. With 64 illustrations. 12mo, doth $2.00 

LECBT, S. T. S. **Wrinkles" in Practical Navigation. 

With 130 illustrations. Svo, doth. Fotarteenth Edition, revised 
and enlarged $8.00 

LEFEVRE, L. Architectural Pottery: Bricks, Tiles, Pipest 

Enameled Terra-Cottas, Ordinary and Incrusted Quarries, Stone- 
ware Mosaics, Faiences and Architectural Stoneware. With 
tables, plates and 950 cuts and illustrations. With a preface by 
M. J.-C. Formig^. Translated from the French, by K. H. Bird, 
M.A., and W. mx>Te Binns. 4to, doth, illustrated net, $7 . 50 

LEHITER, S. Ink Manufacture: including Writing, Copy- 
ing, Lithographic, Marking, Stamping and Laundry Inks. Trans- 
lated from the fifth German ediiwny by Arthur Morris and 
Herbert Robson, B.Sc. 8vo, doth, illustrated ne^, $2.50 

LEMSTROMy Dr. Electricity in Agriculture and Horticul- 
ture. Illustrated net, $1 .60 

LEVY, C. L. Electric-liEht Primer. A simple and com- 
prehensive digest of all the most important facts connected with 
the running of the d3mamo, and dectric lights, with precautions 
for safety. For the use of persons whose duty it is to look after 
the plant. 8vo, paper 50 



LIVERMORE, V. P., and WILLIAMS, J. How to Become 

a Competent Motorman. Being a Practical Treatise on the 
Proper Method of Operating a Street Railway Motor Car; also 

5'ving details how to overcome certain defects, l^mo, cloth, 
ustrated, 132 pages $1.00 
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LOBBEN/P., M.£. Machinists' and Draftsmen's Hand- 
book, containing Tables, Rules, and Formulas, with numerous 
examples, explaining the principles of mathematics and mechanics, 
as applied to the mechanical trades. Intended as a reference book 
for all interested in Mechanical work. Illustrated with many 
cuts and diagrams. 8vo, cloth $2. 50 

LOCKE, A. 6. and C. G. A Practical Treatise on the 

Manufacture of Sulphuric Acid. With 77 constructive plates, 
drawn to scale measxirements, and other illustrations. Royal 
8vo, cloth $10.00 

LOCEERT, L. Petroleum Motor-cars. i2mo, cloth, S1.50 

LCCKWOOD, T. D. Electricity, Magnetism, and Electro- 
telegraphy. A Practical Guide for Students, Operators, and 
Inspectors. 8vo, cloth. Third Edition $2. 50 

Electrical Meastirement and the Galvanometer: its 

Ck>nstruction and Uses. Second Edition. 32 illustrations. 12mo, 
cloth $1 .60 

LODGE, 0. J. Elementary Mechanics, including Hydro- 
statics and Pneumatics. Revised Edition. 12mo, cloth ... $1 . 50 

Signalling Across Space, Without Wires: being a 

description of the work of Hertz and his successors. With numer- 
ous diagrams and half-tone cuts, and additional remarks con« 
ceming the application to Telegraphy and later developments. 
Third Edition. 8vo, cloth, iUustrated n^, $2. 00 

LORD, R. T. Decorative and Fancy Fabrics. A Valuable 

Book with designs and illustrations for manufacturers and de- 
signers of Carpets, Damask, Dress and all Textile Fabrics. 8vo, 
cloth, iUustrated net, $3 . 60 

L0RIN6, A. E. A Handbook of the Electro-magnetic 

Telegraph. 16mo, cloth, boards. New and enlarged edition. . .50 

LUCE, S. B. (Com., U. S, N.). Text-book of Seamanship. 

The Equipping and Handling of Vessels under Sail or Steam. 
For the use of the U. S. Naval Academy. Revised and enlarged 
edition, by Lieut. Wm. S. Benson. 8vo, cloth, illustrated. $10. 00 

LTJCKE, C. E. Gas Engme Design. With figures and 

diagrams. Second Edition, revised. 8vo, cloth, illustrate. 

net,$Z.OO 

Power, Cost and Plant Designs and Construction. 

In Press. 
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LUCKE, C. E. Power Plant Papers. Form I. The Steam 

Power Plant. Pamphlet (8X13) net, $1 .50 

LUNGE, 6., Ph.D. Coal-tar and Ammonia: being the 

third and enlarged edition of "A Treatise on the Distillation of 
Coal-tar and Ammoniacal Liquor, " with numerous tables, figures 
and diagrams. Thick Svo, cloth, illustrated net, $15.00 

A Theoretical and Practical Treatise on the Man- 
ufacture of Sulphuric Acid and Alkali with the Collateral Branches. 

' VoLI. Sulphuric Acid. In two parts, not sold separately. 

Second Edition, revised and enlarged. 342 illus. 8vo, cloth . . $1 5 . 00 

Vol. n. Salt Cake, Hydrochloric Add and Leblanc 

Soda. Second Edition, revised and enlarged. 8vo, cloth ... $15 . 00 

Vol. m. Ammonia Soda, and various other processes 

of Alkali-making, and the preparation of Alkalis, Chlorine and 
Chlorates, by Electrolysis. 8vo, cloth. New Edition, ISQQ .. $15 .00 

and HURTER, F. The Alkali Maker's Handbook, 

Tables and Analytical Methods for Manufacturers of Si^huric 
Acid, Nitric Acid, Soda, Potash and Ammonia. Second Edition. 
12mo, doth $3.00 

HJPTON, A., PAR^ G, D. A., and PERKIN, H. Elec- 
tricity as Applied to Mining. With tables, diagrams and folding 
plates. Second Edition, fe^jised and enlarged. Svo, doth, illus- 
trated net, %^. to 

LUQITER, L. M., Ph.D. (Columbia Univ.). Minerals in 
Rock Sections. The Practical Method of Identifying Minerals in 
Rock Sections with the Microscope. Especially arranged for 
Students in Technical and Scientific Schools. Itevised Edition, 
Svo, cloth, illustrated net, $1 .50 

MACKIE, JOHN. How to Make a Woolen Mill Pay. 

8vo, cloth net, $2.00 

MACKROW, C. The Naval Architect's and Ship-builder's 

Pocket-book of Formula, Rules, and Tables | and Engineers' and 
Surveyors' Handy Book of Reference. Eighth Edition, revised 
and enlarged. 16mo, limp leather, illustrated $5.00 

HAGUIRE, E., Capt., U.S.A. The Attack and Defence 

of Coast Fortifications With maps and numerous illustrations, 
Svo, cloth $2.60 
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MA6UIRE, WM. R. Domestic Sanitary Drainage and 

Plumbing Lectures on Practical Sanitation. 332 illustrationa 
8vo $4.00 

HAILLOUX, C. 0. Electro-traction Machinery. 8vo, 
doth, illustrated In Pre99, 

MARES, E. C. R. Notes on the Construction of Cranes 

and Lifting Machineiy. With numerous diagrams and figures. 
New and enlarged edition. 12mo, doth net, $1 . 50 

Notes on the Construction and Working of Pumps. 

With figures, diagrams and engravings. 12mo, doth, illus- 
trated net, tl. 50 

6. C. Hydraulic Power Engineering. A Practical 

Manual on the Concentration and Transmission of Power by Hy- 
draulic Machinery. With over 200 diagrams and tables 8vo, 
cloth, illustrated $3.60 

HARSH, C. F. Reinforced Concrete, ^th fuU-paffe and 

folding plates, and 512 figures and diagrams. 4to, doth, illus- 
trated net, $7.00 

HAVER, W. American Telegraphy: Systems, Apparatus, 
Operation. 460 illustrations. 8vo, clot^. $5. 00 

HAYER, A. M., Prof. Lecture' Notes on Physics. 8vo, 
doth $2.00 

HcCULLOCH, R. S., Prof. Elementary Treatise on the 

Mechanical Theory of Heat, and its application to Air and Steam- 
engines. 8vo, doth $3 . 50 

HcINT0SH,J.6. Technology of Sugar. A Practical Treatise 

on the Manufacture of Sugar from the Suear-cane and Sugar- 
beet. With diagrams and tables. 8vo, doth, illustrated . net, $4 . 50 

Manufacture of Varnishes and Kindred Industries. 

Based on and including the ''Drying Oils and Varnishes/' of 
Ach. Livache. Volume I. Oil Crushing, Refining and Boiling. 
Manufacture of Linoleiun, Printing ana Lithographic Inks, ana 
India-rubber Substitutes. Second greatly enlarged English Edu 
tion, 8vo, cloth, illustrated net, $3.50 

^ (To be complete in three volimies.) / 

I ^ 
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McIIEILLy B. McNeill's Code. Arran^ to meet the 
requirements of Mining, Metallumcal and Civil Enffineers, Direo- 
tors of Mining, Smelting and other Companies, fimkers, Stock 
and Share Brokers, £>licitorB, Accountants, Pinanciers and 
General Merchants. Safety and Secrecy. 8vo, doth. ... $6.00 

Mcpherson, J. a., a. M. Inst. C. B. waterworks 

Distribution. A practical guide to the laying out of S3r8tem8 of 
distributing mains for the supply of water to cities and towns 
With tables, folding i^tes and numerous full-page diagrams 
8vo, doth, illustrated $2.60 

MERCK, B. Chemical Reagents: Their Purity and Tests. 

In Press. 

MBRRITT, WM. H. Field Testing for Gold and Silver. 

A Practical Manual for Prospectors and Miners. With numerous 
half-tone cuts, figures and tables. 16mo, limp leather, illus- 
trated $1.50 

METAL TURNING. By a Foreman Pattern-maker. Blus- 

trated with 81 engravings. 12mo, cloth $1 . 50 

MICHBLLy S. IGne Drainage: beiag a Complete Prac- 
tical Treatise on Direct-acting Underground Steam Pumping 
Machinery. Containing many folding plates, diagrams and 
tables. Second Edition, rewritten and enlarged. Thick 8vo, 
doth, illustrated $10.00 

MIBRZINSKI, S.y Dr. Waterproofing of Fabrics. Trans- 
lated from the German by Arthur Morris and Herbert Robson. 
With diagrams and figures. 8vo, doth, illustrated. . . net, $2.50 

MILLER, B. H. (Columbia Univ.). Quantitative Analysis 

for Biining Engineers. 8vo, cloth net, $1 . 50 

MINIFIE, W. Mechanical Drawing. A Text-book of 

Geometrical Drawing for the use of Mechanics and Schools, in 
which the Definitions and Rules of Geometry are familiarly ex- 
I>lained; the Practical Problems are arranged from the most 
simple to the more complex, and in their description technicalities 
are avoided as much as possible. With illustrations for drawing 
Flans, Sections, and Elevations of Railwavs and Machinerv; an 
Introduction to Isometrical Drawing, and an Essay on Linear 
Perspective and Shadows. Illustrated with over 200 diagrams 
engraved on sted. Tenth Tlumeand, revised. With an Appen- 
dix on the Theory and Application of Colors. 8vo, doth. . $4.00 
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HINIFIEy W. Geometrical Drawing. Abridged from the 

octavo edition, for the use of schools. Illustrated with 48 steel 
plates. Ninth Edition, 12mo, cloth $2.00 

MODERN METEOROLOGY. A Series of Six Lectures, 

delivered under the auspices of the Meteorological Society in 
1870. Dlustrated. 12mo, cloth $1.60 

MOORE, E. C. S. New Tables for the Complete Solu- 
tion of Ganfuillet and Kutter^s Formula for the flow of liquids in 
open channds, pipes, sewers and conduits. In two parts. jPart I, 
arranged for 1080 inclinations from 1 over 1 to 1 over 214^ for 
fifteen different values of (n). Part II, for use with aJl other 
values of (n). With large folding diagram. 8vo, doth, illus- 
trated net, $6.00 

MOREINGy C. A., and NEAL, T. New General and Mining 

Telegraph Code. 676 pages, alphabetically arranged. For the 
use of mining companies, mining engineers, stock brokers, financial 
agents, and trust and finance companies. Eighth Edition, Svo, 
cloth $5.00 

MOSESy A. J. The Characters of Crystals. An Intro- 
duction to Physical Cr3rstallography, containing 321 iUustrations 
and diagrams. 8vo net, $2.00 

and PARSONS, C. L. Elements of Mineralogy, 

Crystallography and Blowpipe Analysis from a Practical Stand- 
point. Third Enlarged Eauwn, 8vo, cloth, 336 illustrations, 

net, $2.50 

MOSS, S. A. Elements of Gas Engine Design. Reprint 

of a Set of Notes accompanying a Course of Lectures deUvered 
at Cornell University in 1902. 16mo, cloth, illustrated. (Van 
Nostrand's Science Series) $0 . 50 

MOSS, S. A. The Lay-out of Corliss Valve Gears. (Van 
No8trand*8 Science Series.) 16mo, cloth, illustrated $0.50 

MULLIN, J. P., M.E. Modem Moulding and Pattern- 
making. A Practical Treatise upon Pattern-shop and Foundry 
Work: embracing the Moulding of Pullejrs, Spur Gears, Worm 
Gears, Balance-wheels, Stationary Engine and Locomotive 
Cylinders, Globe Valves, Tool Work, Miuin« Machinery, Screw 
Piropellers, Pattern-shop Machinery, and tne latest improve- 
ments in English and American Cupolas; together with a large 
collection of ori^nal and carefully selected Rules and Tables 
for every-day use m the Drawing Omce, Pattern-shop and Foundry. 
12mo, doth, illustrated $2.50 
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HUNROy J^ CJB.y and JAMIESON, A., C.E^ A Pocket- 
book of Electrical Rules and Tables for the use of Electricians 
and EngLneere. Fifteenth EdiUon, revised and enlarged. With 
numerous diagrams. Pocket sixe. Leather $2. 50 

MURPHY, J. 6., M.E. Practical ICning. A Field Manual 

for Biining Engineers. With Hints for Investors in Minine 
Properties. 16mo, doth $1 .00 

If AQUETy A. Legal Chemistiy. A Guide to the Detection 

of Poisons, Falsification of Writings, Adulteration of Alimentary 
and Pharmaceutieal Substances, .fiialjrsis of Ashes, and Exami- 
nation of Hair, Coins, Arms and Stains, as applied to Chemical 
Jurisprudence, for the use of Chemists, Physicians, Lawyers, 
Pharmacists and Elxperts. Translated, with additions, including 
a list of books and memoirs on Toxicology, etc., from the French, 
by J. P. Battershall, Ph.D., with a Preface by C. F. Chandler, 
Hi.D., M.D., LL.D. 12mo, doth $2.00 

ITASMITH, J. The Student's Cotton Spinning. Third 

Edition^ revised and enlarged, Svo, doth, 622 pages, 250 illus- 
trations $3.00 

IfEUBURGER, H., and NOALHAT, H. Technology of 

Petroleum. The Oil Fidds of the World: their Histoiy, Geog- 
raphy and Geology. Annual Production, Prospection and Devdop- 
ment; Oil-well Drilling; Transportation of Petroleum by Land 
and Sea. Storage of Petroleum. With 153 illustrations and 25 
plates. Translated from the French, by John Geddes Mcintosh. 
8vo, doth, illustrated net, $10.00 

IfEWALL, J. W. Plain Practical Directions for Drawing, 

Sizing and Cutting Bevd-sears, showing how the Teeth may 
be cut in a Plain Milling Machine or Gear Cutter so as to give 
them a correct shape from end to end; and showing how to get 
out aU particulars for the Workshop without making any Draw- 
ings. Including a Full Set of Taoles of Reference. Folding 
plates. 8vo, doth $1 .50 

]VEWLAin)S, J. The Carpenters' and Joiners' Assistant: 

being a Comprehensive Treatise on the Selection, Preparation 
and Strength of Materials, and the Mechanical Principles of 
Framing, with their application in Carpentry, Joinery and 
Hand-railing; also, a Complete Treatise on Sines; and an Illus- 
trated Glossary of Terms used in Architecture and Building. 
Illustrated. Folio, half morocco $15.00 
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niPHER, F. E., A.M. Theory of Magnetic Measurements, 

with an Appendix on the Method of Least Squares. 12mo, 
cloth $1 .00 

IfOLL, AUGUSTUS. How to Wire Buildings: A Manual 

of the Art of Interior Wiring. With many illustrations. Fourth 
Edition, 8vo, cloth, illustrated $1 . 50 

HUGENT, E. Treatise on Optics; or. Light and Sight 

Theoretically and Practically Treated, with the Application to 
Fine Art and Industrial Pursuits. With 103 illustrations. 12mo, 
cloth $1.60 

O'CONNOR, H. The Gas Engineer's Pocket-book. Com- 
prising Tables, Notes and Memoranda relating to the Manu- 
facture, Distribution and Use of Coal-gas and the Construction 
of Gas-works. Second Edition^ revised. 12mo, full leather, gilt 
edges $3.60 

OLSENy J. C.y Prof. Text-book of Quantitative Chemical 

Analysis by Gravimetric, Eiectrol3rtic, Volumetric and Gasometrio 
Methods. With Seventv-two Laboratory Exercises giving the 
Analysis of Pure Salts, AUoys. Minerals and Technical Products. 
With numerous figures ancf diagrams. Second Edition, revised. 
8vo, cloth net, $4.00 

OSBORNy F. C. Tables of Moments of Inertia, and Squares 

of Radii of G3rration; supplemented by others on the Ultimate 
and Safe Strength of Wrought-iron Columns, Safe Strength ^ of 
Timber Beams, and Constant for readily obtaining the Shearing 
Stresses, Reactions and Bending Moments in Swing Bridges. 
FifthEdition. 12mo, leather net, $3.00 

OUDIN, M. A. Standard Polyphase Apparatus and Systems. 

With many diagrams and figures. Third Edition, thoroughly 
revised. Fully illustrated $3.00 

PALAZ, A., Sc.D. A Treatise on Industrial Photometry, 

with special application to Electric Lighting. Authorized trans- 
lation from tne French by George W. Patterson, Jr. Second 
Edition, revised. 8vo, cloth, illustrated $4.00 

PAMELY, C. Colliery Manager's Handbook. A Compre- 
hensive treatise on the Laying-out and Working of Ck>llierie6. 
Designed as a book of reference for colliery managers and for the 
use of coal-mining students preparing for first-class certificates. 
Fifth Edition, revised and enlarged. Containing over 1,000 dia- 
grams, plans, and engravings. 8vo, cloth, illustrated. .n«<, $10.00 
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PARR, G. D. A. Electrical Engineering Heasoringlnstru- 

ments, for Commercial and Laboratoiy Puipofles. With 370 
diagrams and engravings. 8vo, cloth, illustrated net, $3 . 60 

PARRY, E. J., B.Sc. The Chemistry of Essential Oils 

and Artificial Perfumes. Beinc an attempt to group together 
the more important of the published facts connectea with the 
subject; also giving an outline of the prindptos involved in the 
preparation and analysis of Essential (Jih, With numerous dia- 
grams and tables. 8vo, cloth, illustrated net, $5.00 

and COSTEy J. H. Chemistry of Pigments. With 

tables and figures. 8vo, doth net, $4.50 

PARRY, L. A.y M.D. The Risks and Dangers of Various 

Occupations and their Prevention. A book that should be in 
the hands of manufacturers, the medical profession, sanitary 
inspectors, medical officers of health, managers of works, foremen 
ana workmen. 8vo, doth n«f, $3 .00 

PARSHALL, H. F., and HOBART, H. M. Armature 
Windings of Electric Machines. With 140 fuU-page plates, 65 
tables and 165 pages of descriptive letter-press. 4to, cloth . $7 . 50 

and PARRY, E. Electrical Equipment of Tramways. 

In Press, 

PASSHORE, A. C. Handbook of Technical Terms used 

in Architecture and Building, and their Allied Trades and Sub- 
jects. 8vo, doth n«f, $3.50 

PATERSON. D., F.C.S. The Color Printing of Carpet 

Yams. A useful manual for color chemists and textile printers. 
With numerous illustrations. 8vo, cloth, illustrated. . .net, $3.50 

Color Hatching on Textiles. A Manual intended for 

the use of Dyers, Calico Printers, and Textile Color Chemists. 
Containing colored frontispiece and 9 illustrations, and 14 dyed 
patterns in appendix. 8vo, cloth, illustrated net, $3 . 00 

The Science of Color Mixing. A Manual intended 

for the use of Dyers, Calico Printers, and Color Chemists. With 
figures, tables, and colored plate. 8vo, doth, illustrated . net, $3 . 00 

PATTEN, J. A Plan for Increasing the Humiditjr of 

the Arid Region and the Utilixation of Some of the Great Rivers 
of the Unit«i States for Power and other Purposes. A paper 
commum'cated to the National Irrigation Congress, Ogden, Utah. 
Sept. 12, 1903. 4to, pamphlet, 20 pages, with 7 maps. . . $1 .00 



42 D. VAN NOSTRAND COMPANY'S 

PATTON, H. B. Lecture Notes on Crystallography 

Revised Edition, largely rewritten. Prepared for use of the stu- 
dents at the Colorado School of Mines. With blank pages for 
note-taking. 8vo, cloth net $1 .26 

PAULDINGy C. P. Practical Laws and Data on the Con- 
densation of Steam in Covered and Bare Pipes; to which is added 
a translation of P^let's '^Theory and Experiments on the Trans- 
mission of Heat Through Insulating Materials." 8vo, cloth, 
illustrated, 102 pages net, $2.00 

Transmission of Heat through Cold-storage Insula- 
tion: Formulas, Principles, and Data Relating to Insulation of 
Every Kind. A Manual for refrigerating engineers. With tables 
and diagrams. 12mo, cloth, illustrated net, $1 .00 

PEIRCEy B. System of Analytic Mechanics. 4to, 

cloth $10.00 

PERRINE, F, A. C, A.M., D.Sc, Conductors for Elec- 
trical Distribution: their Manufacture and Materials, the Calcu- 
lation of Circuits, Pole Line Construction, Underground Working 
and other Uses. With numerous diagrams and engravings. 8vo, 
cloth, illustrated, 287 pages net, $3.50 

PERRY, J. Applied Mechanics. A Treatise for the Use 

of students who have time to work experimental, niunerical, and 
graphical exercises illustrating the subject. 8vo, cloth, 650 
pages net, t2. 50 

PHILLIPS, J. Engineering Chemistry. A Practical 

Treatise for the use of Anad^ical Chemists, En^neers, Iron 
Masters, Iron Founders, students and others.^ Compnsing methods 
of Analysis and Valuation of the princioal materials used in 
Engineering works, with numerous Analyses, Examples, and 
Suggestions. Illustrated. Third Edition, revised and enlarged. 
8vo, cloth net, $4.50 

Gold Assaying. A Practical Handbook giving the 

Modus Operandi for the Accurate Assa^ of Auriferous Ores and 
Bullion, and the Chemical Tests rec^uired in the Processes of 
Extraction by Amalgamation. Qyamdation, and Chlorination. 
With an appendix of tables and statistics and numerous diagrams 
and engravings. 8vo, cloth, illustrated net, $2 . 50 

PHIN, J. Seven Follies of Science. A Popular Account 

of the most famous scientific impossibilities and the attempts 
which have been made to solve them; to which is added a small 
Budget of Interesting Paradoxes, Illusions, and Marvels. With 
numerous illustrations. 8vo, cloth, illustrated net, $1 . 25 
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PICKWORTH. C, N. The Indicator Handbook. A Prac- 
tical Manual for Engineers. Part I. The Indicator: its Con- 
struction and Application. 81 illustrations, l^no, cloth. $1.50 

The Indicator Handbook. Part n. The Indicator 

Diagram: its Analysis and Calculation. With tables and figures. 
12mo, cloth, illustrated il . 60 

Logarithms for Beginners. 8vo, boards. $0.50 

The Slide Rule. A Practical Mantial of Instruction for 

aU Users of the Modem Type of Slide Rule, containing Succinct 
Explanation of the Principle of Slide-rule Computation, together 
with Numerous Rules ana Practical Illustrations, exhibiting the 
Application of the Instrument to the EveijrMlay Work of the 
Engineer— Civil. Mechanical and Electrical. Seventh Edition, 
12mo, flexible cloth $1 .00 

Plane Table, The. Its Uses in Topographical Survey- 
ing. From the Papers of the United States Coast Survey. 

Illustrated. 8vo, cloth $2.00 

"This work gives a description of the Plane Table employed at 
the United States Coast Survey office, and the manner of using it." 

PLATTNER'S Manual of Qualitative and Quantitative 

Analysis with the Blow-pipe. Eighth Edition, revised. Translated 
by Henry B. Cornwall, E.M., Ph.D., assisted by John H. Caswell, 
A.M. From the sixth German edition, by Prof. Friederich Kol- 
beck. With 87 woodcuts. 463 pages. 8vo, cloth net, $4 . 00 

PLYMPTON, GEO. W., Prof. The Aneroid Barometer: 

its Construction and Use. Compiled from several sources. 
Eighth Edition, revised and enlarged, 16mo, boards, illus- 
trated $0.50 

POCKET LOGARITHMS, to Four Places of Decimals. 

including Logarithms of Numbers, and Logarithmic Sines and 
Tangents to Single Minutes. To which is added a Table of 
Natural Sines, Tangents, and Co-tangents. 16mo, boards. $0.50 

POPE, F. L. Modern Practice of the Electric Telegraph. 

A Technical Handbook for Electricians, Managers and Operators. 
Fifteenth Edition, rewritten and enlarged, and fully illustrated. 8vo, 
cloth $1 .50 

POPPLEWELL, W. C. Elementary Treatise on Heat and 

Heat Engines. Specially adapted for engineers and students of 
engineering. 12mo, cloth, illustrated $3.00 
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POPPLEWELL, W. C. Prevention of Smoke, combined 

with the Economical Combustion of Fuel. With diagrams, 
figures and tables. 8vo, cloth illustrated net, $3.50 

Practical Compounding of Oils. Tallow and Grease, for 

Lubrication, etc. By an Expert Oil Refiner. 8vo, cloth . net, $3 . 50 

Practical Iron Founding. By the Author of ** Pattern 

Making/' etc. Illustrated with over 100 engravings. Third 
Edition, 12mo, cloth $1 .50 

PRAY. T.y Jr. Twenty Years with the Indicator: being 

a Practical Text-book for the Engineer or the Student, with no 
complex Formuls. Illustrated. 8vo, cloth $2.5^^ 

Steam Tables and Engine Constant. Compiled from 

Regnault, Rankine and Dixon directly, making use of the 
exact records. 8vo, cloth $2.00 

PREECE, W. H. Electric Lamps In Press. 

and STXTBBSy A. T. Manual of Telephony. Illus- 
trations and plates. 12mo, cloth $4 . 50 

PRELINIyCyCE. Earth and Rock Excavation. A Manual 

for Engineers, Contractors, and Engineering Students. With 
tables and many diagrams and engravings. 8vo, cloth, illustrated. 

net, $3.00 

Retaining Walls and Dams. 8vo, cloth, illustrated. 

In Press. 

Tunneling. A Practical Treatise containing 149 

Working Drawing and Figures. With additions by Charles S. 
Hill, C.E., Associate Editor "Engineering News." 311 pages. 
Second Edition, revised, 8vo, cloth, illustrated $3 .00 

PREMIER CODE. (See Hawke, Wm. H.) 

PRESCOTT, A. B., Prof. Organic Analysis. A Manual 

of the Descriptive and Analytical Chemistry of certain Carbon 
Compounds in Common Use; a Guide in the Qualitative and 
Quantitative Analysis of Oreanic Materials in Commercial and 
Pharmaceutical Assays, in the Estimation of Impurities under 
Authorized Standards, and in Forensic Examinations for Poisons, 
with Directions for Elementary Organic Analysis. Fifth Edi- 
tion. 8vo, cloth $5.00 
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PRESCOTT, A. B.y Prof. Outlines of Proximate Oi^ganic 

Analysis, for the Identification, Separation and Quantitative 
Determination of the more commonly occurring Organic Com- 
pounds. Fourth Edition. 12mo, cloth $1 .75 

and JOHNSON, 0. C. Qualitative Chemical Analysis. 

A Guide in Qualitative Work, with Data for Analytical Opera- 
tions, and Laboratory Methods in Inorganic Chemistry. Sixlh 
revised and enlarged JEdiHon, efdvrtly rewritten, with an appendix 
by H. H. WUlard, containing a few miproved methods of analysis. 
8vo, cloth n«e,|3.60 

and SULLIVAN, E. C. (University of Michigan). First 

Book in Qualitative Chemistry. For Studies of Water Solution 
and Mass Action. Twelfth idUion, entirely rewritten. 12ma, 
cloth net, $1 .60 

PRITCHARD. O. 6. The Manufacture of Electric-light 

Caibons. Blustrated. 8vo, paper $0.60 

PROST, E. Manual of Chemical Analysis as Applied to 

the Assay of Fuels, Ores, Metals, Alloys, Salts, and otli^r Mineral 
Products. Translated from the original bjr J. C. Smith. Pftrt 
I, Fuels, Waters, Ores, Salts^ and other mmeral industrial prod- 
ucts; Part n, Metals; Part III, Alloys. 8vo, cloth. . .net, $4.60 

PULLEN, W. W. F. Application of Graphic Methods 

to the Design of Structures. Specially prepared for the use of 
Engineers. A Treatment by Graphic Methods of the Forces 
and Principles necessary for consideration in the Dedsn of £n- 
nneering Structures, Roofs, Bridges, Trusses, Framed Structures, 
Wells, Dams, Chinmeys, and Mfl^nry Structures. 12mo, cloth, 
profusely illustrated net, $2.60 

PULSIFER, W. H. Notes for a History of Lead. 8vo, 

cloth, gilt top $4.00 

PUTSCH, A. Gas and Coal-dust Firing. A Critical Review 

of the Various Appliances Patented in (^rmany for this Purpose 
since 1885. With diagrams and figures. Translated from the 
German by Charies Salter. 8vo, cloth, illustrated net, $3 . 00 

PYNCHON, T. R., Prof. Introduction to Chemical Physics, 

designed for the use of Academies^ Colleges and High Schools. 
Illustrated with numerous engravings, and containing copious 
experiments, with directions for preparing them. New Edition, 
revised and enlarged, and illustrated by 269 wood engravings. 8vo, 
cloth $3.00 
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RADFORD, C. S., Lieut. Handbook on Naval Gunnery. 

Prepared by Authority of the Navy Department. For the use 
of U. S. Navy, U. S. Marine Corps, and U. S. Naval Reserves. 
Revised and enlarged, with the assistance of Stokely Moi^gan, 
Lieut. U. S. N. Third Edition, revised and enlarged, 12mo, 
flexible leather net, $2.00 

RAFTER, G. W. Treatment of Septic Sewage (Van 
Nostrand'a Science Series, No, 118). 16mo, cloth $0.50 

Tables for Sewerage and Hydraulic Engineers. In Press. 

and BAKER, M. N. Sewage Disposal in the United 

States. lUustrations and folding plates. Third Edition. 8vo, 
cloth $6.00 

RAM, G. S. The Incandescent Lamp and its Manufac- 
ture. Svo, cloth net, $3.00 

RAMP, H. M. Foundry Practice In Press. 

RANDALL, J. E. A Practical Treatise on the Incan- 
descent Lamp. 16mo, cloth, illustrated $0.50 

RANDALL, P. M. Quartz Operator's Handbook. New 

Edition, revised and enlarged, ftUly iUustraied, 12mo, doth, $2.00 

RANDAU, P. Enamels and Enamelling. An introduction 

to the preparation and application of all kinds of enamels for 
technical and artistic piuposes. For enamel-makers, workers 
in gold and silver, ancf manufacturers of objects of art. Third 
German Edition. Translated by Charles Salter. With fiffures^ 
diagrams and tables. Svo, cloth, illustrated n^, $4.00 

RANKINE, W. J. M. Applied Mechanics. Comprising 

the Principles of Statics and Cinematics, and Theory of Struc- 
tures, Mechanism, and Machines. With numerous diagrams. 
Seventeenth Edition, thoroughly revised by W. J. Millar. Svo, 
cloth $5.00 

Civil Engineering. Comprising Engineering Sur- 
veys, Earthwork, Foundations, Masonry, Carpentry, Metal- 
work, Roads, Railways, Canals, Rivers, Water-works, Harbors, 
etc. With numerous tables and illustrations. Twentv-first 
Edition, thoroughly revised by W. J. Millar. Svo, cloth $6. 50 
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RAIfKINE, W. J. M. Machinery and Miliwork. Compris- 
ioff the Geometry, Motions. Work, Strength, Construction, and 
Objects of Machines, etc. Illustrated with nearly 300 woodcuts. 
Seventh Edition, thoroughly revised by W. J. Millar. 8vo, cloth. 

$5.00 

The Steam-engine and Other Prime Movers. With 

diagram of the Mechanical Properties of Steam. Folding plates, 
numerous tables and illustrations. Fifteenth Edition, thor- 
oughly revised by W. J. Millar. Svo, cloth $5.00 

Useful Rules and Tables for Engineers and Others. 

With Appendix, Tables, Tests and Formulae for the use of Elec- 
trical Elngineers. Comprising Submarine Electrical Engineering, 
Electric Lifhting and Transmission of Power. By Andrew 
Jamieson, C.E., F.R.S.E. Seventh Edition, thorougmy revised 
by W. J. Millar. Svo, cloth $4.00 

and BAMBER, E. F., C.E. A Mechanical Text-book. 

With numerous illustrations. Fifth Edition. Svo, cloth. . $3.50 

RAPHAEL, F. C. Localization of Faults in Electric 

Li^ht and Power Mains, with chapters on Insulation Testing. 
With figures and diagrams. Second Edition, revised. Svo, 
cloth, illustrated net,tS.OO 

RATEAUy A. Experimental Researches on the Flow of 

Steam through Nozzles and Orifices, to which is added a note on 
the Flow of Hot Water. (Extrait des Annales des Mines, Janu- 
ary, 1002.^ Authorized translation by H. Boyd Brydon. With 
figures, tables, and folding plates. Svo, cloth, illustrated. 

net, $1.50 

RAUTENSTRAUCH, Prof. W. Syllabus of Lectures and 

Notes on the Elements of Machine Design. With blank pages 
for note-taking. Svo, cloth, illustrated net, $1 . 50 

RAYMOND, E. B. Alternating-current Engineering Prac- 
tically Treated. With numerous diagrams and figures. Second 
Edition. 12mo, cloth net, $2.50 

RAYNER, H. Silk Throwing and Waste Silk Spinning. 

With numerous diagrams and figures. Svo, cloth, illustrated, 

nel,%2.50 

RECIPES for the Color, Paint, Varnish, Oil, Soap and 

Drysaltery Trades. Compiled by an Analytical Chemist. Svo, 
cloth $3.50 
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RECIPES FOR FLINT GLASS MAKING. Being Leaves 

from the mixing-book of several experts in the Flint Gmss Trade. 
Containing up-to-date recipes and valuable information as to 
Crystal, Demi-crystal, and Colored Glass in its many varieties. 
It contains the recipes for cheap metal suited to pressing, blowing, 
etc., as well as the most costly Crystal and Rubv. British manu- 
facturers have kept up the Quality of this elass from the arrival of 
the Venetians to Hungry Hill, Stourbridge, up to the present 
time. The book also contains remarks as to the result of the 
metal as it left the pots by the respective metal mixers, takem 
from their own memoranda upon the originals. CompUed by 
a British Glass Master and Mixer. 12mo, cloth net, $i,&b 

REED'S ENGINEERS' HANDBOOK to the Local Marine 

Board Examinations for Certificates of Competency as First and 
Second Class Engineers. By W. H. Thorn. With the answers 
to the Elementary Questions. Illustrated by 358 diagrams 
and 37 laige plates. SetmUeenth Edition, reviied and enlarged, 
6vo, doth $6.00 

Key to the Seventeenth Edition of Reed's Engineers* 

Handbook to the Board of Trade Examination for First and 
SMX)nd Class Enjgineers, and oontidning the workup of all the 
questions given in the examination papers. By YT, H. Thorn. 
8vo. cloth ^ $3.00 

REED. Useful Hints to Sea-going Engineers, and How to 

Repair and Avoid ''Breakdowns"; also appendices containing 
Boiler Explosions, Useful Formuls, etc. With 42 diagrams 
and 8 plates. Third Edition, revised and enlarged, 12mo, 
cloth $1.60 

Marine Boilers. A Treatise on the Causes and Pre- 
vention of their Priming, with Remarks on their General Manage- 
ment. 12mo, cloth, illustrated $2.00 

RED^HARDTy C. W. Lettering for Draftsmen^ Engineers, 

and Students. A Practical System of Free-hand Lettering for 
Working Drawings. Revised and enlarged edition, Eigh^enth 
Thousand, Oblong boards $1.00 

The Technic of Mechanical Drafting. A Practical 

guide to neat, correct and legible drawing, oontaininff many illus- 
trations, diagrams and full-page plates. 4to, cloth, illus. . . $1 .00 

REISER, F. Hardening and Tempering of Steel, in Theory 
and Practice. Translated from the German of the third and 
enlarged edition, by Arthur Morris and Herbert Robson. 8vo, 
cloth, 120 pages $2.50 
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REISER, If. Faults in the Manufacture of Woolen Goods, 

and their PreventioD. Translated ' from the tecond German 
edition, by Arthur Morris and Herbert Robson. 8vo, cloth, 
illustrated net, $2.50 

Spinning and Weaving Calculations with Special 

reference to Woolen Fabrics. Translated from the German by 
Chas. Salter. 8vo, doth. iUustrated net, $5.00 

RICE, J. M., and JOHNSON, W. W. On a New Method 

of Obtaining the DifiPerential of Functions, with esfiecial refer- 
ence to the Newtonian Conception of Rates or Velocities. 12mo, 
paper $0.50 

RIDEAL, S., D.Sc. Glue and Glue Testing, with fleures 

and tables. 8vo, doth, illustrated net, $4.00 

RIPPER, W. A Course of Instruction in Machine Drawing 

and Design for Technical Schools and Engineer Students. With 
52 plates and numerous explanatory engravings. Folio, cloth, 

net,%Q.OO 

ROBERTSON, L. S. Water-tube Boilers. Based on a 

short course of Lectures delivered at University College, London. 
With upward of 170 illustrations and diagrams. 8vo, cloth, 
illustrated $3.00 

ROBINSON, S. W. Practical Treatise on the Teeth of 

Wheels, with the theory and the use of Robinson's Odontograph. 
Third Edition, revised, vnth additione, 16mo, cloth, illustrated. 
(Van Nostrand's Science Series.) $0 . 50 

R0EBLIN6, J. A. Long and Short Span Railway Bridges. 

Illustrated with large copper-plate engravings of plans and views. 
Imperial folio, cloth $25.00 

ROLLINS, W. Notes on X-Light With 152 full-page 

plates. 8vo, cloth, illustrated net, $7 . 50 

ROSE, J., M.E. The Pattern-makers' Assistant. Embrac- 
ing Lathe Work, Branch Work, Core Work, Sweep Work and 
Practical €Jear Constructions, the Preparation and Use of Tools, 
together with a lai^ collection of useful and valuable Tables. 
Ninth Edition. With 250 engravings. 8vo, cloth $2 . 50 
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ROSE, J.y M.E. Key to Engines and Engine-running. A 

Practical Treatise upon the Idana^ment of Steam-enginee and 
Boilers for the use of those who demre to pas8 an examination to 
take charge of an engine or boiler With numerous illustrations, 
and Instructions upon Engineers' Calciilations, Indicators. 
Diagrams: Enjpne AdjustmentR and other Valuable Information 
necessary for Engineers and Firemen )2mo. cloth Dlus. . $2 50 

ROWAN, F. J, The Practical Physics of the Modern 

Steam4x>il6r With an Introduction by Prof R. H Thurston 
With numerous illustrations aqd diagrams 8vo, cloth, illus- 
trated $7.60 

SASnfE, R. History and Progress of the Electric Tele- 
graph. With descriptions of some of the apparatus Second 
TUdttianf toilh additiona 1 2mo cloth $1 25 

SAELTZERy A. Treatise on Acoustics in Connection 

with Ventilation 12mo doth $1.00 

SALOMONS, Sir D., M.A. Electric-light Installations. 

A Practical Handbook With numerous illustrations. Vol. I., 
The Management of Accumulators. Ninth Edition, revised and 

mostly rewritten. 12mo cloth $1 . 50 

Vol. II. Seventh Edition, revised and enlarged. Apparatus. 296 

illustrations. 12mo, cloth $2.26 

Vol. III. Seventh Edition revised and enlarged. Applications. 

12mo, cloth $1 .50 

SANFORDy P. G. Nitro-ezplosives. A Practical Treatise 

concerning the Properties, Manufacture and Analysis of Nitrated 
Substances, includmg the Fulminates. Smokeleas Powders and 
Celluloid. 8vo, cloth, 270 pages $3.00 



SAUin>ERS, C H. Handbook of Practical Mechanics 

for use in the Shop and Draughting-room; containing Tables, 
Rules and Formula, and Solutions of Practical Problems by 
Simple and Quick Methods. 16mo, limp cloth $1 .00 

SAUNNIER, C. Watchmaker^s Handbook. A Workshop 

Companion for those engaged in Watchmaking and allied Mechan- 
ical Arts. Translated by J. Tripplin and E. Rigg. Second Edi- 
tion, revised, with appendix, 12mo, cloth $3 . 60 

SCHELLENy H., Dr. Magneto-electric and Dyxiamo- 

electric Machines: their Construction and Practical Application 
to Electric Lighting, and the Transmission of Power. Trans- 
lated from the third German edition by N. S. Keith and Percy 
Neymann, Ph.D. With very large additions and notes relating 
to American Machines, by N. S. Keith. Vol. 1, with 353 illus- 
trations. Second Edition. 8vo, cloth $5. 00 
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SCHERER, R. Casein: its Preparation and Technical 

Utiluation. Translated from the Qennan. 8vo, cloth, illus- 
trated n«<, $3.00 

SCHHALLy C. N. First Course in Analytical Geometry, 

Plane and Solid, with Numerous Examples. Containing figures 
and diagrams. 12mo, cloth, illustrated net, $1 . 75 

8CHMALL, C. N., and SHACK, S. M. Elements of Plane 

Geometry. An Elementary Treatise. With many examples and 
diagrams. 12mo, half leather, illustrated net, $1 .25 

SCHMEER, LOUIS. Flow of Water: A New Theory of 

the Motion of Water under Preflsuie, and in Open Conduits. 8vo, 
cloth, illustrated In Press, 

SCHUMANNy F. A Manual of Heating and Ventilation 

in its Practical Application, for the use of Engineers and Archi- 
tects. Eknbracing a Series of Tables and Formms for Dimensions 
of Heating* Flow and Return Fipes for Steam and Hot-water 
Boilers, Flues, etc. 12mo, illustrated, full roan $1 .50 

8CHWEIZER, V. Distillation of Resins^ Resinate Lakes 

and Pigments; Carbon Pigments and Pigments for Typewriting 
Machii^^ Manifolders, etc. A description of the proper methods 
of distilhn^ resin-oils, the manufacture of resinates, resin-var- 
mshes, resm-pigments and enamel paints, the preparation of all 
kinds of carbon pigments, and pnnters' ink, lithoffraphio inks 
and chalks, and luso inks for typewriters, manuoloers, and 
rubber stamps. With tables and 68 figures and diagrams. 8vo, 
cloth, illustrated net, $3.50 

SCIENCE SBRIESy The Van ITostrand. (Follows end of 

this list.) 

SCRIBNERy J. M. Engineers' and Mechanics' Com- 
panion. Comprising United States Weights and Measures, 
Mensuration of Superfices and Solids, Tables of Squares and 
Cubes, Square and Cube Roots, Circumference and Areas of 
Circles, the Mechanical Powers, Centres of Gravity, Gravitation 
of Bodies, Pendulimis, Specific Gravity of Bodies, Strength, 
Weight fand Crush of Materials, Water-wheels, Hydrostatics, 
Hydraulics, Statics, Centres of Percussion and Gyration, Friction 
Heat, Tables of the Weight of Metals, Scantlme. etc., Steam 
and Steam-engine. Twenty-first Edttian, revised. 16mo, full 
moroooo $1.50 
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SEATOlf y A. E. A Manual of Marine Engineering. Com* 

prisinj; the Designing, Construction and Working of Marine 
Mac^unery. With numerous tables and illustrations reduced from 
Working Drawings. Fifteenth Edition, revised throughout, with 
an additional chapter on Water-tube Boilers. 8vo, cloth. $6.00 

and ROXmXHWAITE, H. M. A Pocket-book of 

Marine Engineering Rules and Tables. For the use of Marine 
Engineers and Naval Architects, Designers, Draughtsmen, Super- 
intendents and all engaged in the design and construction of 
Marine Machinery, Naval and Mercantile. Seventh Edition, 
revised and enlarged. Pocket size. Leather, with diagrams. €3.00 

SEIDELL, A. Handbook of Solubilities, iimo, cloth. 

In Press, 

SEVER, G. F., Prof. Electrical Engineering Experi- 
ments and Tests on Direct-current Machinery. With diamunt 
and figures. 8vo pamphlet, illustrated net, $1 .00 

and TOWHSEND, F. Laboratory and Factory Tests 

in Electrical Engineering. Second Edition, 8vo, cloth, illus- 
trated net, $2.50 

SEWALL, C. H. "Wireless Telegraphy. With diagrams 

and engravings. Second Edition, corrected. 8vo, doth, illus- 
trated net, $2.00 

Lessons in Telegraphy. For use as a text-book 

in schools and collies, or for individual students. Illustrated. 
12mo, doth $1.00 

SEWELL, T. Elements of Electrical Engineering. A 

First Year's Course for Students. Second Edition, revised, with 
additional chapters on Altemating-current Working and Ap- 
pendix of Questions and Answers. With many diagrams, tables 
and examples. Svo, cloth, illustrated, 432 pages net, S3 . 00 

SEXTON, A. H. Fuel and Refractory Materials. 8vo, 
doth $2.00 

Chemistry of the Materials of Engineering. A Hand- 
book for Ekigineering Students. With tables, diagrams and 
illustrations. 12mo, cloth, illustrated $2.50 

SETMOURy A. Practical Lithofi;raphy. With figures and 

engravings. Svo, cloth, illustrated. net, $2.50 
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SHAW, S. The History of the Staffordshire Potteries, and 

the Rise and Progress of the Manufacture of Pottery and Por- 
celain; with references to genuine specimens, and notices of 
eminent potters. A re-issue of the original work published in 
1829. 8vo, cloth, illustrated net.tQ.OO 

— Chemistry of the Several Natural and Artificial. 

Heterogeneous Compounds used in Manufacturing Porcelain^^ 
Glass and Pottery. Re-issued in its original form, published in 
1837. 8vo, cloth net, $5.00 

SHELDON, S., Ph.D., and MASON, H., B.S. Dynamo- 
electric Machinery: its Construction, Design and Operation^ 
Direct-current Machines. Fifth Edition^ revised. 8vo, cloth, il- 
lustrated net, $2.6(K 

Alternating-current Machines: being the second' 

volimie of the author's ** Dynamo-electric Machinery : its Construc- 
tion, Design and OpNeration. " With many diagrams and figures* 
(Binding uniform with volume I.) Fourth Edition. 8vo, cloth., 
illustrated net, %2.l6f 

SHIELDS, J. E. Notes on Engineering Construction* 

Embracing Discussions of the Principles involved, and Descrip- 
tions of the Material employed in Tunneling, Bridging, Canal and 
Road Building, etc. 12mo, cloth. $1 .50 

SHOCK, W. H. Steam Boilers: their Design, Construc- 
tion and Management. 4to, half morocco $15.00 

SHREVE, S H. A Treatise on the Strength of Bridges 

and Roofs. Comprising the determination of i^zebraic formulas 
for strains in Horizontal, Inclined or Rafter, 'Iriangular, Bow- 
string, Lenticular and other Trusses, from fixed and moving loads^ 
with practical applications and examples, for the \ise of Students 
and Engineers. 87 woodcut illustrations. Fourth Edition. Hvo^ 
cloth 13. 50 

SHUNK, W. F. The Field Engineer. A Handy Book 

of practice in the Survey, Location and Track-work of Railroads^ 
containing a laree cc^ection of Rules and Tables, original and 
selected, applicable to both the Standard and Narrow Gauge, 
and prepared with special reference to the wants of the younv 
Enfl;inegr. Sixteenth Edition, revised and enlarged. With 
addenda 12mo, morocco, tucks $2 . 50^ 
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SIMMS, F. W. A Treatise on the Principles and Practice 

of Leveling. Showing its application to purposes of Railway 
Engineering, and the Construction of Roads, etc. Revised and 
corrected, with the addition of Mr. Laws' Practical Examples for 
setting out Railway Curves. Illustrated. 8vo, doth $2 . 50 

Practical Tiuineling, Fourth Edition, Revised and 

greatly extended. With additional chapters illustrating recent 
prftctice by D. Kinnear Clark. With 36 plates and other illustrar- 
tions. Imperial 8vo, cloth $8 . 00 

SIMPSON, G. The Naval Constructor. A Vade Mecum 

of Ship Desi^, for Students, Naval Architects, Ship Builders and 
Owners, Manne Superintendents, Engineers and Draughtsmen. 
12mo, morocco, illustrated, 500 pages net, ^5.00 

SLATER, J. W. Sewage Treatment, Purification and 
Utilization. A Practical Manual for the Use of Corporations, 
Local Boards, Medical Officers of Health, Inspectors of Nuisances, 
Chemists, Manufacturers, Riparian Owners, Engineers and Rate- 
payers. 12mo, cloth $2 .25 

SMITH, F. E. Handbook for Mechanics, iimo, cloth, 

illustrated In Press, 

Mechanics for Practical Men. 8vo, doth, about 400 

pp., illustrated In Press. 

1. W., C.E. The Theory of Deflections and of Lati- 
tudes and Departures. With special applications to Curvilinear 
Surveys, for Alignments of Railway Tracks. Illustrated. 16mo, 
morocco, tucks S3 .00 

J. C. Manufacture of Paint. A Practical Handbook 

for Paint Manufacturers, Merchants and Painters With 60 illus- 
trations and one large diagram. 8vo, cloth net, €3.00 

SNELL, A. T. Electric Motive Power: The Transmission 

and Distribution of Electric Power by Continuous and Alternate 
Currents. With a Section on the Applications of Electricity to 
Mining Work. Second Edition. 8vo, cfoth, illustrated. . net, %4. . 00 

SNOW, W. G., and NOLAN, T. Ventilation of Buildings. 

16mo, cloth. (Van Nostrand's Science Series.) $0.50 

SODDY, F. Radio-Activity: An elementarjr treatise 

from the standpoint of the disintegration theory. With 40 figures 
and diagrams. 8vo, cloth, illustrated net, ^ .00 
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SOXHLETy D. H. Art of Dyeing and Staining Marble, 

Artificial Stone, Bone, Horn, Ivory and Wood, and of imitating 
all sorts of Wood. A practical Handbook for the use of Joiners, 
Turners, Manufacturers of Fancy Goods, Stick and Umbrella 
Makers, Comb Makers, etc. Translated from the German by 
Arthur Morris and Herbert Robson, B.Sc. 8vo, cloth, 170 
pages net, $2 . 50 

SPANG, H. W. A Practical Treatise on Lightning Pro- 
tection. With figures and diagrams. 12mo, cloth $1 .00 

SPEYERS, C. L. Text-book of Physical Chemistry. 

8vo, cloth $2.25 

STAHL, A. W., and WOODS. A. T. Elementary Mechan- 
ism, A Tert-book for Students of Mechanical Engineering. 
Fifteenth Edition, 12mo, cloth $2.00 

STALEY, C, and PIERSON, 6. S. The Separate ^stem 

of Sewerage: its Theory and Construction. Third Edition, 
revised and enlarged. With chapter on Sewage Disposal. With 
maps, plates and illustrations. 8vo, cloth $3 .00 

STANDA6E, H. C. Leatherworkers' Manual: being a 

Compendium of Practical Recipes and Working Formuls for 
Cumers, Boot-makers, I^eather Dressers, Blacking Manufac- 
turers, Saddlers, Fancy Leather Workers, and all persons en- 
gaged in the manipulation of leather. 8vo, cloth net, S3 . 50 

Sealing Waxes, Wafers, and Other Adhesives. For 

the Household, Office, Workshop and Factory. 8vo, cloth, 96 
pages. net, $2.00 

STEWART, R. W, Text-book of Heat. Illustrated. 8vo, 
cloth • $1 .00 

Text-book of Magnetism and Electricity. i6o Illus- 
trations and numerous examples. 12mo, cloth $1 .00 

STILES, A. Tables for Field Engineers. Designed for 

Use in the Field. Tables containing all the Functions of a One' 
Degree Curve, from which a corresponding one can be found for 
any required Degree. Also, Tables of Natural Sines and Tangents. 
12mo, morocco, tucks $2. 00 
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STILLHAN, P. Steam-engine Indicator and the Improved 

Manometer Steam and Vacuum Gauges; their Utility and Appli- 
cation. New edition, 12mo, flexible cloth $1 .00 

STODOLA, Dr. A. Steam Turbines. With an appendix 

on Gas Turbines, and the future of Heat Engines. Authorized 
translation by Dr. Louis C. Loewenstein (Lehigh University). 
With 241 cuts and 3 lithographed tables. 8vo, cK)th, illustrated. 

ne^, $4.50 

STONE. R., Gen'l. New Roads and Road Laws in the 

United States. 200 pages, with numerous illustrations. 12mo, 
cloth $1 .00 

STONEY, B. D. The Theory of Stresses in Girders and 

Similar Structures. With Observations on the Application of 
Theory to Practice, and Tables of Strength and other Properties 
of Materials. New revised edition^ with numerous additions on 
Graphic Statics, Pillars, Steel, Wind Pressure, Oscillatine Stresses, 
Working Loads, Riveting, Strength and Tests of Materials. 
777 pages, 143 illus. and 5 folding-plates. 8vo, cloth $12.50 

SUFFLING, E. R. Treatise on the Art of Glass Painting. 

Prefaced with a Review of Ancient Glass. With engravings and 
colored plates. 8vo, cloth net, $3 . 60 

SWEET, S. H. Special Report on Coal, Showing its Dis- 
tribution, Classification, and Costs delivered over Different Routes 
to Various Points in the State of New York and the Principal 
Cities on the Atlantic Coast. With maps. 8vo> ^iloth. . . .$3.00 

SWOOPE, C. W. Practical Lessons in Electricity: Prin- 
ciples, Experiments, and Arithmetical Problems. An iSementary 
Text-book. With niunerous tables, formula, and two larse in- 
struction plates. 8vo, cloth, illustrated. Seventh Edition . . ne<, S2 . 00 

TAILFERy L. Practical Treatise on the Bleaching of 

Linen and Cotton Yam and Fabrics. With tables and diagrams. 
Translated from the French by John Geddes Mcintosh. 8vo, 
cloth, illustrated net, $5.00 

TEMPLETON, W. The Practical Mechanic's Workshop 

Companion. Comprising a great variety of the most useful 
rules and formulae in Mechanical Science, with nmnerous tablet 
of practical data and calculated results facilitating mechanical 
operations. Revised and enlarged by W. S. Hutton. 12mo, 
morocco $2.00 
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THOM, C.y and JONES, W. H. Telegraphic Connectioiis: 

embracing Recent Methods in Quadrufdex Telegraphy. 20 full- 
page plates, some colored. Oblong, 8vo, doth $1 .60 

THOMAS, C. W. Paper-makers' Handbook. A Practical 

Treatise. Illustrated In Press, 

THOMPSON, A. B. Oil Fields of Russui and the Russian 

Petroleum Industry. A Practical Handbook on the Explora- 
tion, Exploitation, and Management of Russian Oil Properties, 
including Notes on the Origin of Petroleum in Russia, a Descrip- 
tion of the Theory and Practice of Liquid Fuel, and a Translation 
of the Rules and Regulations concerning Russian Oil Properties. 
With numerous illustrations and photographic plates and a map 
of the Balakhany-Saboontchy-Romany Oil Field. 8vo, cloth, 
illustrated net, $7.50 

THOMPSON, E. P., M.E. How to Make Inventions; 

or. Inventing as a Science and an Art. A Practical Guide for 
Inventors. Second Edition, 8vo, boards $0. 50 

Roentgen Rays and Phenomena of the Anode and 

Cathode. Principles, Applications, and Theories. For Students, 
Teachera, Physicians, Photographers, Electricians and others. 



Assisted by Louis M. PignoTet, N. D. C. Hodges and Ludwig 
Gutmann, E.E. With a cnapter on Generalizations, Arguments, 
Theories, Kindred Radiations and Phenomena. By Professor Wm. 
Anthony. 50 diagrams, 40 half-tones. 8vo, doth $1 .00 

THOMPSON, W. P. Handbook of Patent Law of All 

Ck>imtries. Thirteenth Edition, completely revised, March, 1005. 
16mo, cloth $1.50 

THORNLEY, T. Cotton Combing Machines, ^th Nu- 
merous tables, engravings and diagrams. 8vo, cloth, illustrated. 
343 pages net, $3.00 

THURSO, T. W. Modem Turbine Practice and Water- 

Power Plants. With eighty-eight figures and diagrams. 8vo, 
cloth, illustrated net, $4.00 



TOCH, M. Chemistry and Technology of Mixed Paints. 

8vo, cloth In Press, 
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TODD, J.y and WHALL, W. B. Practical Seamanship 

for Use in the Merchant Service: including all ordinary subjects; 
also Steam Seamanship, Wreck Lifting, Avoiding Collision. Wire 
Splicing, Displacement and everything necessary to be known 
by seamen of the present day. Fifth Edition, with 247 illus- 
trations and diagrams. 8vo, cloth net, $7 . 50 

TOMPKmSy A. £. Text-book of Harine Engineering. 

Second EdiHony entirely rewritten, rearranged, and enlarged. With 
over 250 figures, diagrams, and full-page plates. 8vo, cloth, 
illustrated net, $6.00 

TOOTHED GEARING. A Practical Handbook for Offices 

and Workshops. By a Foreman Patternmaker. 184 illustra- 
tions. 12mo, cloth $2.26 

TRATMANy E. E. R. Railway Track and Track-work. 

With over 200 illustrations. 8vo, doth $3.00 

TRAVERSE TABLE, Showing Latitude and Departure 

for each Quarter Degree of the Quadrant, and for Distances from 1 
to 100, to which is appended a Table of Natural Sines and Tan- 
gents for each five minutes of the Quadrant. (Reprinted from 
Soribner's Pocket Table Book.) Van Nostrand^s Science Series, 

lOmo, doth $0.60 

Morocco $1.00 

TRINESy W., and HOUSUM, C. Shaft Governors. i6mo, 

cloth, illustrated. (Van Nostrand's Science Series.) 10 . 50 

TUCKER, J. H., Dr. A Manual of Sugar Analysis, in- 
cluding the Applications in General of Analytical Methods to the 
Sugar Indust^. With an Introduction on the Chemistry of 
Cane-sugar, Dextrose, Levulose, and Milk-sugar. Sixth Edition, 
8vo, cloth, illustrated $3 .60 

TUMLIRZ, O., Dr. Potential and its Application to the 

Explanation of Electrical Phenomena, Popularly Treated. Trans- 
lated from the Grerman by D. Robertson. 12mO| cloth, ill. $1 . 25 

TUNNERy P. A. Treatise on RoU-tuming for the Manu- 
facture of Iron. Translated and adapted by John B. Pearse, of 
the Pennsylvania Steel Works, with numerous engravings, wood- 
cuts. 8vo, cloth, with folio atlas of plates $10.00 

TURBAYNE, A. A. Alphabets and Numerals. With 27 
plates. 4to, boards $2.00 
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UNDERHILLy C. R. The Electro-magnet. New and 

revised edition. 8vo, cloth, illustrated net, $1 . ^ 

URQXJHART, J. W. Electric Light Fitting. Embodying 

Practical Notee on Installation Management. A Hcuidbook for 
Working Electrical Engineers. With numerous illustrations. 
12mo, cloth $2.00 



— Electro-plating. A Practical Handbook on the Depo- 
sition of Copper, Silver, Nickel, Gold, Brass, Aluminium, Plati- 
num, etc. Fourth Edition. 12mo $2.00 



Electrotyping. A Practical Manual Forming a New 

and Systematic Guide to the Reproduction and Multiplication of 
Printing Surfaces, etc. 12mo $2.00 

Electric Ship Lighting. A Handbook on the Practical 

Fitting and Running of Ship's Electrical Plant. For the Use of 
Ship Owners and Builders, Marine Electricians and Seargoing 
Engineers-in-Charge. Illustrated. 12mo, cloth &.00 

UNIVERSAL TELEGRAPH CIPHER CODE. Arranged 

for Qeneral Correspondence. 12mo, cloth. $1 .00 

VAN NOSTRAND'S Chemical Annual, based on Bieder- 

mann's "Chemiker Kalender." Edited by Prof. J. C. Olsen, with 
the co-operation of Eminent Chemists. First year of issue 1906. 
12mo, cloth, illustrated In Press. 

En^eering Magazine. Complete Sets, 1869 to 1886 

inclusive. 35 vols., in cloth $60.00 

** '* in half morocco $100.00 

Year Book of Mechanical Engineering Data. With 

many tables and diagrams. (First Year of issue 1906.) In Press. 

VAN WAGENENy T. F. Manual of Hydraulic Mining. 

For the Use of the Practical Miner. Revised and enlarged edition. 
18mo, cloth $1 .00 

VILLON, A. M. Practical Treatise on the Leather Industry. 
With many tables and illustrations and a copious index. A trans- 
lation of Villon's "Traite Pratique de la Fabrication dee Cuirs et 
du Travail des Peaux," by Frank T. Addyman, B.Sc. 8vo, 
doth, illustrated. net, $10.00 
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VINCENT, C. Ammonia and its Compounds: their 

Bianufacture and Uses. Tran^ted from the French by M. J. 
Salter. 8vo, cloth, illustrated net, $2.00 

VOLKy C. Haulage and Winding Appliances Used in 
Mines. With plates and engravings. Traoslated from the Ger- 
man, 8vo, cloth, illustrated net, $4 .00 

VON 6E0RGIEVICS, G. Chemical Technology of Textile 

Fibres: their Origin, Structure, Preparation, Washing, Bleaching^ 
Dyeing, Printing, and Dressing. Translated from the German 
by Charles Salter. With many diagrams and figures. 8vo, cloth, 

illustrated. 306 pages net, $4 . 50 

Contents. — ^The Textile Fibres; Washing, Bleaching, and Car- 
bonizing; Mordants and Mordanting; Dyemg, Printing, Dressing 
and Finishing; Index. 

Chemistry of Dyestuffs. Translated from the Second 

German edition by Chas. Salter. Svo, cloth, 412 pages. . . net, $4 . 50 

WABNER, R. Ventilation in Mines. Translated from 
the German by Charles Salter. With plates and engravings. 
Svo, cloth, illustrated, 240 pages net, $4.50 

WADEi E. J. Secondary Batteries: their Theory, Con- 
struction and Use. With innumerable diagrams and figures. 
Svo, doth, illustrated, 492 pages ne<, |4.00 

WALKER, F., C.E. AiSrial Navigation. A Practical 

HandbcK)k on the Construction of Dirigible Balloons, Aerostats, 
Aeroplanes and Aeromotors. With diagrams, tables and illus- 
trations. Svo, cloth, illustrated, 151 pages net, 13.00 

WALKER^ S. F. Electrical Engineering in Our Homes 

and Workshops. A Practical Treatise on Auxiliary Electrical 
Apparatus, third Edition, revised, with numerous iUustrationB, 
Svo, cloth $2.00 

Electric Lightine for Marine Engineers, or How to 

Light a Ship by the Electric Light and How to Keep the Apparatus 
in Order. Second Edition. 103 illus., Svo, cloth $2.00 

WALKER^ W. H. Screw Propulsion. Notes on Screw 

Propulsion; its Rise and History. Svo, doth $0. 75 . 

WALLING, B. T., Lieut. Com. U.S.N., and MARTIN, JULIDSL 

Electrical Installations of the United States Navy. With many 
diagrams and engravings. Svo, cloth, illustrated In Pre$8. 
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WALLIS TAYLER, A. J. Bearings and Lubrication. A 

Handbook for Eveiy user of Machinery. Fully illustrated. 8vo, 
doth $1.50 

Modem Cycles, a Practical Handbook on Their Con- 
struction and Repair. With 300 illustrations. 8vo, doth. $4.00 

Motor Cars, or Power Carriages for Common Roads. 

With numerous illustrations. 8vo, cloth. $1 .80 

Motor Vehicles for Business Purposes. Svo, cloth, 

illustrated. net. $3.50. 

Refrigerating and Ice-making Machinery. A Descrip- 
tive Treatise for the use of persons employing refrigeratingand 
ice-making installations, and others. 8vo, doth, illustrated. $3.00 

Refrigeration and Cold Storage: being a Complete 

practical treatise on the art and sdence of refrigeration. 600 
pages, 361 diagrams and figures. 8vo, doth net, $4.50 

Sugar Machinery. A Descriptive Treatise, devoted 

to the Machinery and Apparatus used in the Manufacture of 
Cane and Beet Sugars. 12mo, cloth, illustrated $2 .00 

WAITKLYN. J. A. A Practical Treatise on the Exam- 
ination of Milk and its Derivatives, Cream, Butter and Cheese. 
12mo, doth. $1.00 

Water Analysis. A Practical Treatise on the Exam- 
ination of Potable Water. Tenth Edition. 12mo, cloth $2.00 

WANSBROUGH, W. D. The A B C of the Differential 
Calculus. 12mo, cloth. $1.50 

WARD, J. H. Steam for the Million. A Popular Treat- 
ise on Steam, and its application to the Useful Arts, espedallv to 
Navigation. 8vo, doth. $1 .00 

WARING, 6. E.y Jr. Sewerage and Land Drainage. 

Illustrated with woodcuts in the text, and fuU-page and foldmg 
plates. New Edition In Press. 

Modem Methods of Sewage Disposals for Towns, 

Public Institutions and Isolated Houses. Second Edition, revised 
and enlarged. 260 pages. Illustrated. Cloth $2.00 
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WARING, G. £., Jr. How to Drain a House. Practical 

Informatioti for Householden. Third Ed^Hon, enlarged. 12mo, 
doth. $1 . 25 

WARREN, F. D. Handbook on Reinforced Concrete. 

16mo, cloth, illustrated net, $2.60 

WATSON, E. P. Small Engines and Boilers. A Manual 

of Concise and Specific Directions for the Construction of Small 
Steam-engines and Boilers of Modem Types from five Horse- 
power down to model sizes. Illustrated with Nimierous Dia- 
grams and Half-tone Cuts. 12mo, cloth. $1 .25 

WATTy A. Electro-plating and Electro-refining of Metals: 

being a new edition of Alexander Watts' ''Electro-Deposition." 
Revued and largely rewritten by Arnold Philip, B.Sc. With 
numerous figures and engravings. 8vo, cloth, illustrated, 680 
pages net, $4.50 

Electro-metallurgy Practically Treated. Eleventh 

Edition, considerably enlarged, 12mo, cloth $1 .00 

The Art of Soap-making. A Practical Handbook of 

the Manufactiu^ of Hard and Soft Soaps, Toilet Soaps, etc. In- 
cluding many New Processes, and a Clutpter on the Recovery of 
Glycenne from Waste Lyes. With illustrations. Fifth Edition, 
revised and enlarged. Svo, cloth. S3 .00 

The Art of Leather Manufacture: being a Practical 

Handbook, in which the Operations of Tanning, Curryine and 
Leather Dressing are Fully Described, and the Principlee of 
Tanning Explained, and many Recent Processes Introduced. 
With numerous illustrations. New Edition In Press. 

WEALEy J. A Dictionary of Terms Used in Architecture, 

Building, Engineering, Mining. MetuUargy, Archssolog^, the Fine 
Arts, etc., with expl^oatory observations connected with applied 
Science and Art. Fifth Edition, revised and corrected. 12mo, 
cloth, $2.50 

WEBB, H. L. A Practical Guide to the Testing of Insu- 
lated Wires and Cables. Illustrated. 12mo, cloth $1 . 00 

The Telephone Handbook. 128 Illustrations. 146 

pages. 16mo, cloth , $1 .00 



SaENTinC PUBUCATIONS. 63 

WEEKES, R. W. The Design of Alternate Current TtancH 
formers. Illustrated. 12mo, cloth $1.00 

WEISBACHy J. A Manual of Theoretical Mechanics. 

Ninth American edition. Translated from the fourth aunnented 
and improved German edition, with an Introduction to the Calculus 
by Eckie^ B. Coxe, A.M., Mining Engineer. 1,100 pages and 902 

woodcut illustrations. 8vo, cloth $6.00 

Sheep $7.50 

'and HERRMAini', 6. Mechanics of Air Machinery. 

Authorized translation, with an appendix on American practice 
by A. Trowbridge. With figures, diagrams, and folding plates. 
8vo, cloth, illustrated net, $3.75 

WESTON, E. B. Tables Showing Loss of Head Due to 

Friction of Water in Pipes. Second Edition. 12mo, cloth . . $1 . 50 

WEYMOUTH, F. M. Drum Armatures and Commutators. 

(Theory and Practice.) A complete Treatise on the Theory 
and Construction of Drum Winding, and of commutators for 
closed-coil armatures, together with a full r6sum4 of some of the 
principal points involved in their design, and an exposition of 
armature reactions and sparking. 8vo, cloth $3 . 00 

WHEELER, J, B., Prof. Art of War. A Course of 

Instruction in the Elements of the Art and Science of War, for 
the Use of the Cadets of the United States Military Academy, 
West Point, N. Y. 12mo, cloth , $1 .76 

Field Fortifications. The Elements of Field Forti- 
fications, for the Use of the Cadets of the United States Military 
Academy, West Point, N. Y. 12mo,cloth $1.75 

WHIPPLE, S.y CJB. An Elementary and Practical Treatise 

on Bridge Building. 8vo, cloth $3 .00 

WHITE, W. H., K.C.B. A Manual of Naval Architecture, 

for use of Officers of the Royal Navy, Officers of the Mercantile 
Marine, Yachtsmen, Shipowners and Shipbuilders. Containing 
many figures, diagrams and tables. Thick, 8vo, doth, illus- 
trated $9.00 

Wn^EINSON, H. D. Submarine Cable-laying, Repairing, 

and Testing. 8vo, cloth. New Edition in Press, 
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WILLIAMSON, IL S. On the Use of the Barometer on 

Surveys and Reconnoiasances. Part I. Meteorology in its Con- 
nection with Hypsometry. Part II. Barometric Hypeometrv. 
With illustrative tables and engravings. 4to, cloth $16.00 

Practical Tables in Meteorology and Hypsometry, in 

connection with the use of the Barometer. 4to, cloth $2 . 60 

WILSON, 6. Inorganic Chemistry, with New Notation. 

Revised and enlarged by H. Q. Madan. New edition, 12mo, 
cloth 12.00 



WILLSON, F. N. Theoretical and Practical Graphics. 

An Educational Course on the Theory and Practical Applications 
of Descriptive Geometry and Mechanical Drawing. Prepared 
for students in General Science, Engraving, or Architecture. 
Third EdiHan, revised, 4to, cloth, illustrated net, $4. 00 



Note-taking, Dimensioning and Lettering. 4to, Cloth, 

illustrated net,%l.25 

Third Angle Method of Making Working Drawings. 

4to, cloth, illustrated net, $1 .25 

Some Mathematical Curves, and Their Graphical 

Construction. 4to, cloth, illustrated net, $1 .60 

Practical Engineering, Drawing, and Third Angle 

Projection. 4to, cloth, illustrated net, $2.80 

Shades, Shadows, and Linear Perspective. 4to, Cloth. 

illustrated net, %l. 00 

Descriptive Geometry — Pure and Applied, with a 

chapter on Higher Plane Curves, and the Helix. 4to, cloth 
illustrated ne/, 13.00 

WINKLER. C., and LUNGE, G. Handbook of Technical 

Gas- Analysis. With figures and diagrams. Second English edir 
Hon, Translated from the third greatly enlarged German edition, 
with some additions by Geoige Lunge, Ph.D. 8vo, cloth, illus- 
trated, 190 pages $4.00 
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W00DBX7RY, D. V* Treatise on the Various Elements 
of Stability in the Well-pToportioned Arch. With numerous 
tables of the Ultimate and Actual Thrust.. 8vo, half morocco. 
Dlustrated v S4 . 00 

WRIGHT, A. C. Analysis of Oils and Allied Substances. 

Svo, cloth, illustrated, 241 pages ne^, $3.50 

Simple Method for Testing Painters' Materials. 8vo, 

cloth, 160 pages net, $2.50 

WRIGHT, T. W., Prof. (Union College.) Elements of 
Mechanics; including Kinematics, Kinetics and Statics. With ap- 
plications. Third Eaition, revised and enlarged. 8vo, cloth. .$2.50 

and HAYFORD, J. F. Adjustment of Observations 

by the Method of Least Squares, with applications to Geodetic 
Work. Second Edition, rewritten, 8vo, clotn, illustrated. Tiet, $3 . 00 

YOUNG, J. E. Electrical Testing for Telegraph Engineers. 

With Appendices consisting of Tables. 8vo, doth, illus. . . $4.00 

YOUNG SEAMAN'S MANUAL. Compiled from Various 

Authorities, and Illustrated with Numerous Original and Select 
Designs, for the Use of the United States Training Ships and the 
Marine Schools. 8vo, half roan $3 .00 

ZEUNER. A., Dr. Technical Thermodynamics. Trans- 
lated from the German, by Prof. J. F. Klein, Lehigh University. 
8vo, doth, Olustrated In Press, 

ZIMMER, G. F. Mechanical Handling of Material. Be- 
ing a treatise on the handling of material, such as coal, ore, tim- 
ber, etc., by automatic and semi-automatic machinery, together 
with the various accessories used in the manipulation of such 

Slant, idso dealing fully with the handling, storing, and ware- 
ousing of grain. With 542 figures, diagrams, full-page and fold- 
ing plates. Royal 8vo, cloth, illustrated. net, $10.00 

ZIPSER, J. Textile Raw Materials, and Their Conversion 

into Yams. The study of the Raw Materials and the Technology 
of the Spinning Process. A Text-book for Textile, Trade and 
higher Technical Schools, as also for self-instruction. Based upon 
the ordinary syllabus and curriculum of the Imperial and Royal 
Weaving Schools. Translated from the German by Chas. Salter. 
8vo, cloth, illustrated nU, $6.00 
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nrUEY are put up in a uniform, neat, and attractive fonn. rSmo, 
hoards. Price §o cents per volume. The subjects are of an 
eminently scientific character and embrace a wide range of topics, and 
are amply illustrated when the subject demands. 

No. I. CHIMNEYS FOR FURNACES AND STEAM BOILERS. By 
R. Armstrong, C.E. Third American Edition. Revised and 
partly rewritten, with an Appendix on "Theory of Chimney 
Draught," by F. E. IdeU, M.E. 

No. 2. STEAM-BOILER EXPLOSIONS. By Zerah Colbum. New 

Edition, revised by Prof. R. H. Thurston. 

No. 3. PRACTICAL DESIGNING OF RETAINING-WALLS. Fourth 
edition, by Prof. W. Cain. 

No. 4. PROPORTIONS OF PINS USED IN BRIDGES. By Charles 
E. Bender, C.E. Second edition, with Appendix. 

No. 5. VENTILATION OF BUILDINGS. By Wm. G. Snow, S.B., and 
Thos. Nolan, A.M. 

No. 6. ON THE DESIGNING AND CONSTRUCTION OF STORAGE 

Reservoirs. By Arthur Jacob, B.A. Third American edition, 
revised, with additions by E. Sherman Gould. 

No. 7. SURCHARGED AND DIFFERENT FORMS OF RETAnHNG- 
walls. By James S. Tate, C.E. 

No. 8. A TREATISE ON THE COMPOUND STEAM-ENGINE. By 
John Tumbull, Jr. 2nd edition, revised by Prof. S. W. Robinson. 

No. 9. A TREATISE ON FUEL. By Arthur V. Abbott, CE. Founded 
on the original treatise of C. WiUiam Siemens, D.C.L. Third ed. 

No. 10. COMPOUND ENGINES. Translated from the French of A. 
Mallet. Second edition, revised with results of American Prac- 
tice, by Richard H. Buel, C.E. 

No. 11. THEORY OF ARCHES. By Prof. W. Allan. 

No. la. THEORY OF VOUSSOIR ARCHES. By Prof. Wm. CaiiL 
Third edition, revised and enlarged. 

No. 13. GASES MET WITH IN COAL MINES. By J. T. Atkinson. 
Third edition, revised and enlarged, to which is added The Action 
of Coal Dusts by Edward H. Williams, Jr. 
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No. 14. FRICTION OF AIR IN MINBS. By J. J. Atkinson. Second 
American edition. 

No. 15. SKEW ARCHES. By Prof. E. W. Hyde, C.E. Illustrated. 
Second edition. 

No. 16. GRAPHIC METHOD FOR SOLVING CERTAIN QUESTIONS 
in Arithmetic or Algebra. By Prof. G. L. Vose. Second 
edition. 

No. 17. WATER AND WATER-SUPPLY. By Prof. W. H. Corfldd, 

of the University College, London. Second American edition. 

No. 18. SEWERAGE AND SEWAGE PURIFICATION. By M. N. 

Baker, Associate Editor ''Engineering News.'' Second edition, 
revised and enlarged. 

No. 19. STRENGTH OF BEAMS UNDER TRANSVERSE LOADS. 
By Prof. W. Allan, author of "Theory of Arches." Second 
ecution, revised. 

No. 20. BRIDGE AND TUNNEL CENTRES. By John B. McMaster, 
C.E. Second edition. 

No. 21. SAFETY VALVES. By Richard H. Buel, C.E. Third edition. 

No. 22. HIGH MASONRY DAMS. By E. Sherman Gould, M. Am. 
Soc. C. E. 

No. 23. THE FATIGUE OF METALS UNDER REPEATED STRAINS. 
With various Tables of Results and Experiments. From the 
German of Prof. Ludwig Spangenburg, with a Preface by S. H. 
Shreve, A,M. 

No. 24. A PRACTICAL TREATISE ON THE TEETH OF WHEELS. 

By Prof. S. W. Robinson. 2nd edition, revised, with additions. 

No. 25. THEORY AND CALCULATION OF CANTILEVER BRIDGES. 
By R. M. WUcox. 

No. 26. PRACTICAL TREATISE ON THE PROPERTIES OF CON- 

tinuous Bridges. By Charles Bender, C.E. 

No. 27. BOILER INCRUSTATION AND CORROSION. By F. T. 
Rowan. Ne\7 edition. Revised and partly rewritten by F. £. 
Idell. 

No. 38. TRANSMISSION OF POWER BY WIRE ROPES. By Albert 
W. Stahl, U.S.N. Scconi edition, revised. 

No. 29. STEAM INJECTORS. THEIR THEORY AND USE. Trans- 
lated from the French ot M. Leon Pochet. 

No. 30. MAGNETISM OF IRON VESSELS AND TERRESTRIAL 

Magnetism. By Prof. Fairman Rogers. 
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No. 31. THE SANITARY CONDITION OP CITY AND COUNTRY 

Dwelling-houses. By Geoige E. Waring, Jr. Second edition, 
revised. 

No. 32. CABLE-MAKING FOR SUSPENSION BRIDGES. By W. 

Hildenbrand, C.E. 

No. 33. MECHANICS OF VENTILATION. By George W. Rafter, CE. 

Second edition, revised. 

No. 34. FOUNDATIONS. By Prof. Jules Gaudard, CE. Tnuu- 
lated from the French. Second edition. 

No. 35. THE ANEROID BAROMETER: ITS CONSTRUCTION AND 

Use. Compiled by Geoige W. Plympton. Ninth edition, 
revised and enlarged. 

No. 36. MATTER AND MOTION. By J. Geric MaxweU, M.A. Second 
American edition. 

No. 37. GEOGRAPHICAL SURVEYING: ITS USES, METHODS, 
and Results. By Frank De Yeaux Carpenter, C.E. 

No. 38. MAXIMUM STRESSES IN FRAMED BRIDGES. By Prof. 
William Cain, A.M., C.E. New and revised edition. 

No. 39. A HANDBOOK OF THE ELECTRO-MAGNETIC TELB- 

graph. By A. E. Loring. Fourth edition, revised. 

No. 40. TRANSMISSION OF POWER BY COMPRESSED AIR. By 

Kobert Zahner, M.E. New edition, in press. 

No. 41* STRENGTH OF MATERIALS. By ^lUiam Kent, C.E., 
Assoc. Editor ''Engineering News." Second edition. 

No. 43. THEORY OF STEEL-CONCRETE ARCHES. AND OF 

Vaulted Structures. By Prof. Wm. Cain. Third edition, 
thoroughly revised. 

No. 43. WAVE AND VORTEX MOTION. By Dr. Thomas Craig, 
of Johns Hopkins University. 

No. 44. TURBINE WHEELS. By Prof. W. P. Trowbridge, Columbia 

College. Second edition. Revised. 

No. 45. THERMO-DYNAMICS. By Prof. H. T. Eddy, University 
of Cincinnati. New edition, in press. 

No. 46. ICE-MAKING MACHINES. From the French of M. Le Douz. 
Revised b^ Prof. J. E. Denton, D. S. Jacobus, and A. Riesenberger. 
Fifth edition, revised. 

No. 47. LINKAGES: THE DIFFERENT FORMS AND USES OF 
Articulated Links. By J. D. C. De Roos. 

No. 48. THEORY OF SOLID AND BRACED ELASTIC ARCHES 
By William Cain, C.E. 

No. 49. MOTION OF A SOLID IN A FLXHD. By Thomas Craig, Ph.D. 
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No. 50. BWELLIHG-HOnSBS: THEIR SAHITARY CONSTRUC- 

tion and ArraDgements. By Prof. W. H. Corfield. 

Ho. 51. THE TELESCOPE : OPTICAL MONCIPLES INVOLVED IN 

the CoDstruction of Refracting and Reflecting Telescopes, with 
a new chapter on the Evolution of the Modem Telescope, and a 
Bibliograpny to date. With diagrams and folding plates. By 
Thomas Nolan. Second edition, revised and enlarged. 

No. $2. IMAGINARY QUANTITIES: THEIR GEOMETRICAL IN- 

terpretation. Translated from the French of M. Argand by 
Prof. A, S. Hardy. 

No. 53. INDUCTION COILS: HOW MADE AND . HOW USED. 
Seventh American edition. 

No. 54- KINEMATICS OF MACHINERY. By Prof. Alex. B. W. 
Kennedy. With an introduction by Prof. R. H. Thurston. 

No. 55- SEWER GASES: THEIR NATURE AND ORIGIN. By A. 

de Varona. Second edition, revised and enlarged. 

No. 56. THE ACTUAL LATERAL PRESSURE OF EARTHWORK. 
By Benj. Baker, M. Inst., C.E. 

No. 57. INCANDESCENT ELECTRIC LIGHTING. A Practical De- 
scription, of the Edison System. By L. H. Latimer. To 
which is added the Design and Operation of Incandescent Sta- 
tions, by C. J. Field; and the Maximimi Efficiency of Incandescent 
Lamps, by John W. Howell. 

No. 58. VENTILATION OF COAL MINES. By W. Fairlcy, M.E., 
and Geo. J. Andr^. 

No. 59. RAILROAD ECONOMICS; OR, NOTES WITH COMMENTS. 
By S. W. Robinson, C.E. 

No. 60. STRENGTH OF WROUGHT-IRON BRIDGE MEMBERS. 

By S. W. Robinson, C.E. 

No. 61. POTABLE WATER. AND METHODS OF DETECTING 

Impurities. By M. N. Baker. Second ed., revised and enlarged. 

No. 62. THEORY OF THE GAS-ENGINE. By Dougald Clerk. Third 
edition. With additional matter. Edited by F. E. Idell, M.E. 

No. 63. HOUSE-DRAINAGE AND SANITARY PLUMBING. By W. 
P. Gerhard. Tenth edition. 

No. 64. ELECTRO-MAGNETS. By A. N. Mansfield. 

No. 65. POCKET LOGARITHMS TO FOUR PLACES OF DECIMALS. 

Including Jx)garithms of Numbers, etc. 

No. 66. DYNAMO-ELECTRIC MACHINERY. By S. P. Thompson. 
With an Introduction by F. L. Pope. Third edition, revised. 

No. 67. HYDRAULIC TABLES FOR THE CALCULATION OF THE 

Discharge through Sewers, Pip^, and Conduits. Based on 
"Kutter^s Formula." By P. J. Flynn. 
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No. 68. STEAM-HEATING. By Robert Briggs. Third edition, r»> 
vised, with additions by A. R. Wolfif. 

No. 69. CHEinCAL PROBLEMS. By Prof. J. C. Foye. Fourth 
edition, revised and enlarged. 

No. 70. EXPLOSIVE MATERIALS. By Lieut John P. Wisser. 

No. 71. DYNAMIC ELECTRICITY. By John Hopkinson, J. A. 
Shoolbred, and R. E. Day. 
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